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  Abstract 
γ-Al2O3 is one of the most important heterogeneous catalytic materials that has been used as a 
support for a wide range of applications in petroleum chemistry and automobile emission control. 
Thanks to its intrinsic acidity, it can also participate in acid-catalyzed reactions such as alcohol 
dehydration. For decades, numerous studies have been devoted to understanding the fundamental nature 
of Al2O3 owing to its practical importance in catalysis. The catalytic properties of oxides, such as 
activity, selectivity, and distribution of active phases on the support, are significantly affected by their 
surface characteristics because chemical processes mainly occur on the surface. However, 
understanding the surface properties of aluminas have been challenging due to unresolved structures, 
mixed effects of various factors (morphology, phases, impurities, and additives), and difficulties of 
characterization. Therefore, comprehensive approaches should include the preparation of well-defined 
model aluminas and sensitive characterization tools. This thesis focuses on understanding the surface 
properties of aluminas and their role in the interaction with the active phases (Pt) and the corresponding 
catalytic behavior of Al2O3-based catalysts. By preparing the model aluminas for morphology, phase, 
additive and using ethanol TPD as a surface characterization tool, we studied the surface properties of 
Al2O3 with various modification and further investigated the interaction with Pt and its reduction 
behavior on alumina surfaces. 
First, we synthesized a series of well-defined platelet γ-Al2O3 with the systematic change of (100) 
facets and investigated the catalytic role of (100) facets by ethanol dehydration. By controlling pH 
during the preparation of boehmite (γ-AlOOH), precursor for γ-Al2O3, (001) facet of boehmite increased 
under acidic condition. Topotactic transformation of boehmite into γ-Al2O3 maintained their 
morphologies, leading to platelet γ-Al2O3 with increased (100) facets of γ-Al2O3. Ethylene formation 
increased with increasing (100) facets, clearly demonstrating the critical role of (100) facets as active 
sites for ethanol dehydration on γ-Al2O3.  
In chapter 3, We investigated the effect of morphology, phases, and additives on the surface 
properties of Al2O3 and which factors are the most important for surface properties of Al2O3 by 
preparing model aluminas with various modifications and using ethanol TPD. Ethanol TPD showed the 
desorption temperature (at a maximum rate of ethylene desorption, Td) of dissociative ethanol was 
significantly dependent on morphology, crystalline phase, and additives. Here, the additives affected 
the desorption temperature of ethylene most significantly. Ethanol dehydration tests showed that 
ethylene formation rates, normalized with respect to the amount of dissociative ethanol (quantified by 
ethanol TPD), exhibited an inverse correlation with Td on Al2O3 with various morphologies, crystalline 
phases, and additives, which suggests that Td can be used as a descriptor for surface properties of Al2O3, 
irrespective of modification origins. The activities and activation barriers of various commercial Al2O3 




Based on understanding for surface properties of Al2O3, we study how these surface properties of 
aluminas affect the active phases (Pt) and the catalytic behavior of Pt/Al2O3. We chose two sets of 
model alumina having different number of sites with the identical properties and different properties of 
sites with the same number based on ethanol TPD. With two model aluminas, how the number and 
properties of specific sites on alumina surfaces affect the specific interaction between Pt and alumina 
was investigated. Pt showed higher dispersion with increasing number of sites and interaction strength 
because the Pt atoms can interact with specific sites on alumina in greater numbers and more strongly. 
However, these Pt dispersion changes do not represent the gradual size change, but the relative 
population change of small (< 3 nm) and large agglomerated Pt clusters (>10 nm). The number of highly 
dispersed Pt clusters increased with increasing number of sites and interaction strength. When Pt 
showed higher dispersion from more number of sites and stronger interaction on alumina, Pt/Al2O3 
showed higher activity for benzene hydrogenation due to more available highly dispersed Pt. 
 Finally, specific interaction between Pt and alumina strongly affected the reduction behavior of 
oxidized Pt on alumina. We studied the reduction of three-dimensional (3D) PtO2, two-dimensional (2D) 
PtO2, and atomically dispersed Pt on Pt/Al2O3. Under oxidizing atmosphere, morphologies and sizes of 
PtO2 on Pt/Al2O3 are determined by the specific interaction between Pt and Al2O3 through Pt-O-Al bond, 
leading to highly dispersed Pt as ~1 nm 2D-raft PtO2 and atomically dispersed Pt on Al2O3. When all 
the Pt atoms can’t interact with anchoring sites on support under high Pt loading or SiO2 which has very 
weak metal-support interaction, 3D PtO2 was formed. Due to weak interaction with support, 3D PtO2 
was reduced earlier (-20~-60 oC) than 2D PtO2 (~110 oC) and atomically dispersed Pt (>300 oC). 
Furthermore, when Pt/Al2O3 was calcined at 500-700 oC, PtO2 was reduced without a reducing agent 
(auto-reduction) with Pt sintering. Interaction strength also influences auto-reduction when calcination 
temperature increases. 3D PtO2 was auto-reduced after 550-600 oC calcination, but 2D PtO2 was more 
difficult to be reduced (50 oC higher). So, the interaction strength with the support determines how long 
Pt oxide can maintain as Pt oxide rather Pt metal. These morphologies of Pt oxide also affect their 
sintering behavior. Because 3D PtO2 is more easily auto-reduced than 2D PtO2 and atomically dispersed 
Pt, 3D metallic Pt clusters become less mobile than 2D PtO2 and atomically dispersed Pt (still, oxidized 
Pt). So, 3D PtO2 showed more sinter-resistant behavior than 2D PtO2 and atomically dispersed Pt. The 
metal-support interaction between Pt and alumina is important for the reduction of oxidized Pt on 
Pt/Al2O3, suggesting the guideline about a careful activation for the efficient utilization of metallic Pt 
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1.1.1. Introduction to Alumina 
Alumina, which is the common name of aluminum oxides, refers to four types of solid materials 
consisting of aluminum and oxygen.1-4 
1) Aluminum trihydroxide (Al(OH)3): gibbsite (γ-Al(OH)3), bayerite (α-Al(OH)3). 
2) Aluminum oxyhydroxide (AlOOH): boehmite (γ-AlOOH), diaspore (α-AlOOH). 
3) Transition alumina : η-Al2O3, γ-Al2O3, δ-Al2O3, θ-Al2O3, χ-Al2O3, κ-Al2O3. 
4) Alpha alumina (or corundum): α-Al2O3 
These various phases of alumina are interrelated because each phase can phase-transform into 
other phases depending on thermal-treatment. Detailed scheme for the phase transformation among 
various alumina polymorph is shown in Figure 1.1.1, 3-4 
 
Figure 1.1. Phase transformation of various alumina polymorphs. 
The initial precursors (Al(OH)3 and AlOOH) evolves into different transition aluminas and finally 
become α-Al2O3, which is the most thermodynamically stable. α-Al2O3 consists of only octahedral 
aluminum and hexagonal close-packed (HCP) oxygen. Especially, the phase-transformation is known 




evolution of boehmite (γ-AlOOH) into θ-Al2O3 (γ-AlOOH→γ-Al2O3→δ-Al2O3→θ-Al2O3), oxygen 
lattice is maintained as face-centered cubic (ABCABC packing) and only Al3+ cations are redistributed.1, 
3-4 In order for oxygen anion to become hexagonal close-packed (ABAB), high temperature (1000-1100 
oC) calcination is needed for θ-Al2O3 to become α-Al2O3.1, 3-4 However, χ-Al2O3 and κ-Al2O3, whose 
oxygen packing is the same with α-Al2O3 as HCP, need also high temperature because structure and 
textural properties also affect the phase-transformation process.3 Only diaspore (α-AlOOH) can phase-
transform directly into α-Al2O3 at low temperature (500 oC).  
1.1.2. Application as catalyst 
The aluminas mostly used in the catalyst field are transition aluminas, which are derived from 
thermal decomposition of Al(OH)3 or AlOOH. They have strong acid-base properties, high surface area, 
relatively low-cost, high thermal stability, and high mechanical strength.1, 3 Thanks to their good 
properties, they are used in catalysts with three ways. 
1) Support – to disperse the active phase and to adjust the acid-base properties of the catalysts. 
2) Active component by using the acid-base properties of aluminas. 
3) Binder – thanks to good mechanical and textural properties, they are added for catalyst 
formulation as beads, granules, and extrudes. 
Mainly as support or the active component itself, aluminas are used in various chemical processes, 
which are shown in Table 1.1. Their intrinsic Lewis acid-base properties enable alumina to catalyze  
alcohol dehydration, one of typical acid-catalyzed reaction to produce olefin and ether.7 Also, aluminas 
are used in the refinery to increase octane number by double bond isomerization and skeletal 
isomerization thanks to Lewis acid sites.8 Finally, these Lewis acid sites act as anchoring sites for the 
active phases such as transition metal or metal oxide.9-14 In addition, harsh reaction or regeneration 
condition (high temperature, pressure, and high moisture atmosphere) needs good thermal stability for 
the catalyst’s long-term stability. δ, θ-Al2O3 are also utilized in automobile combustion control because 
they are more thermally stable and also have sufficient ability to disperse the transition metal (Pt, Pd).15-
16 However, strong Lewis acidity is not always needed when the reactants or products are too reactive, 
leading to side-reaction. In this case, θ-Al2O3 and α-Al2O3 are used because their weak acidities hinder 
the side reaction such as coke formation (propane dehydrogenation),17 polymerizations (1,3-butadiene 
hydrogenation)18 and decomposition of products (ethylene epoxidation).19 Like this, which phases of 
aluminas are used critically depend on the kind of catalytic reactions and required functionalities for 
catalysts, which requires the fundamental understanding of the physicochemical properties of aluminas. 
In this thesis, I focus on γ-Al2O3 and related transition Al2O3 (δ-Al2O3, θ-Al2O3, α-Al2O3) because they 




Table 1.1. Utilization of transition Al2O3 for various catalytic reactions. 
Reaction Catalyst Key features of Al2O3 References 
Claus process 
(S production) 
κ,χ-Al2O3 Lewis acid-basicity 20 
Alcohol dehydration γ-Al2O3 Lewis acid-basicity 7 
Isomerization Pt/γ,η-Al2O3 Lewis acid-basicity 8 
Reforming PtRe/γ-Al2O3 
Lewis acid-basicity, thermal 
stability 
21 
Hydrotreating CoMo,NiMo/γ-Al2O3 Dispersion 22 
Automobile combustion 
control 
Pt,Pd/γ,δ,θ-Al2O3 Dispersion, thermal stability 16 
Propane dehydrogenation PtSn/θ-Al2O3 
Dispersion, thermal stability, 




Pd/α-Al2O3 Weak acidity - no side reaction 18 
Ethylene epoxidation Ag/α-Al2O3 Weak acidity - no side reaction 19 
 
1.2. Structures and Characterization of γ-Al2O3 
1.2.1. Bulk structures of γ-Al2O3 
The bulk structures of γ-Al2O3 have been on the debate as spinel-based or non-spinel-based 
structure. Many studies studied the structure of γ-Al2O3 by X-ray diffraction,23-24 neutron diffraction,23, 
25 transmission electron microscopy,26-28 and simulation.5, 29-30 Traditionally, γ-Al2O3 has been described 
as cubic defective spinel.28 The ideal cubic spinel has AB2O4 stoichiometry (space group Fd3
–
m) where 
A2+ cation occupies tetrahedral (Td) sites and B3+ cation does octahedral (Oh) sites with cubic close-
packed oxygen anion. In Wyckoff positions, tetrahedral sites are Td (8a) and octahedral sites are Oh 
(16d). In the case of the inverse spinel structure, A2+ cation occupies the half of octahedral (Oh) sites 
and B3+ cation does tetrahedral (Td) sites and the remained half of the octahedral (Oh) sites.1 As γ-Al2O3 
has only Al3+ cation sites, cation vacancies are intrinsically needed with respect to the stoichiometry of 
spinel (compare Al8O12 with A3B6O12 spinel). The position of Al cation vacancies has been controversial 
as octahedral sites,31 tetrahedral sites,32 or both sites.26, 33 Depending on the position of cation vacancies, 
the relative ratio of tetrahedral Al sites (AlIV) to octahedral Al sites (AlVI) varies from 25-37.5% 
theoretically,1 which was also consistent with experimental results from 27Al-NMR.9, 34-36 However, non-
spinel structures have been also reported for the bulk structure of γ-Al2O3.5, 29-30, 34, 37-38 Rietveld analysis 




octahedral sites (16c).30, 38 Paglia et al. interpret these data as tetragonal bulk structure (space group 
I41/amd) for γ-Al2O3.24, 39 Especially, Digne et al.5, 37 and Krokidis et al.29 proposed non-spinel structure 
(space group P21/m) from simulation results over the phase transformation from boehmite into γ-Al2O3. 
Among various structure models, non-spinel structure model by Digne et al. and Krokidis et al. has 
been the most popular one in the research field related to alumina. Still, the exact elucidation over the 
structure of γ-Al2O3 is the on-going challenge. 
Continued controversy over the structure of γ-Al2O3 arises from the inherent complexity of γ-Al2O3. 
γ-Al2O3 has very small domain sizes around ~ 2 nm and highly disordered Al cations as shown in Figure 
1.2, leading to broad diffraction peaks from X-ray and the subsequent Rietveld analysis based on X-ray 
diffraction is difficult.25, 40 Electron diffraction can be a candidate for structural elucidation of γ-Al2O3.27, 
39, 41 However, as γ-Al2O3 is metastable phases rather than thermodynamically stable, electron-beam 
radiation can induce phase transformation of γ-Al2O3. Finally, the sample preparation for standard γ-
Al2O3 adds complexity to the structural analysis. Various preparation protocols (temperature, precursor, 
and textural properties) affect the formation of γ-Al2O3, leading to different crystallinity, facets, etc.1-3 
Many structural studies for γ-Al2O3 have investigated γ-Al2O3 derived from different preparation 
protocols, which should be carefully considered.28, 34, 38-39 
 
Figure 1.2. (a) XRD and (b) HR-TEM for Puralox SBA-200 (γ-Al2O3, Sasol). 
1.2.2. Surface chemistry of γ-Al2O3 
Although the bulk structures of γ-Al2O3 have not been fully established, whether the spinel or non-
spinel structure is more stable or not doesn’t directly provide the information about the origin of various 
catalytic properties of alumina-based catalysts. In general, the catalytic reaction proceeds on the 
surfaces, not the bulk. Specifically, the stability of the surface of alumina is more critical than the bulk 
stability in nanocrystalline powders.42-43 McHale et al. reported that although α-Al2O3 is more stable 




for γ-Al2O3 when the surface area is higher than 125 m2/g.42 Considering γ-Al2O3 utilized in catalytic 
process usually have sufficient surface area (> 100 m2/g), the surface stabilities actually contribute most 
to the properties of Al2O3 based catalysts. Later, θ-Al2O3, derived from phase transformation of γ-Al2O3, 
was reported to have negative surface energies for specific facets under thicknesses larger than ~1 nm 
by theory, showing the surface stability similarly.43 
γ-Al2O3 surfaces have under-coordinated Al sites and O sites, which act as Lewis acid sites 
(electron-accepting) and Lewis basic sites (electron-donating). In addition, OH groups derived from 
dissociative adsorption of water, act as Brønsted acid sites (proton-donating).1, 3 Here, Brønsted acid 
sites and the Lewis basic sites usually are not straightforward than Lewis acidity of γ-Al2O3, I mainly 
focus on the Lewis acid sites of γ-Al2O3. These acid-base properties of γ-Al2O3 are key features of 
alumina-based catalysts because acid-base properties influence the interaction with active phases,9-11, 44 
stability related to sintering,45 and catalytic activity itself.46-48 So, there have been numerous studies 
devoted to understanding the acid-base properties of γ-Al2O3 by IR,1, 49-50 NMR,51 TPD,46 TEM,25, 52 and 
simulation.48, 53-54  
γ-Al2O3 has various types of surface hydroxyls, which are intensively characterized by IR 
spectroscopy. Many surface models have been suggested to explain the origin of different OH groups, 
which are summarized in Table 1.2. Since Peri’s study,55 Tsygnanenko and Filimonov,56 Morterra et 
al.,57 and Knözinger and Ratnasamy58 have tried to correlate OH vibration with the charges affected by 
the neighboring Al cation and oxygen anion. Among them, Knözinger and Ratnasamy model have been 
one of the most popular models.58 This model considered (111), (110), and (100) surfaces and defined 
the net charge as the sum of negative charge of the anion and the strength of the electrostatic bonds 
(cation charge divided by the coordination number). Isolated OH, bridged OH, and triply bridged OH 
are assigned to 3790-3700 cm-1. All the studies suggest that the more cations are coordinated to OH 
groups, the more the net charge becomes negative and the higher OH vibration frequencies shift, 
becoming more basic hydroxyls. Later, Busca et al. introduced the cation vacancy for explaining the 
splitting of OH vibrations.59-60 The authors suggested the difference between isolated OH groups (AlIV–
OH and AlVI–OH) became larger (~50 cm-1) than that of Knözinger and Ratnasamy model (~20 cm-1). 
Then, they assume the smaller splitting from the cation vacancy (3790 cm-1 for AlIV–OH and 3770 cm-
1 for [ ]–AlIV–OH where [ ] is cation vacancy). Finally, Digne et al. proposed new assignments based on 
their new non-spinel structures by DFT simulation.5, 37 The most contribution from their work is that 
they constituted the most realistic γ-Al2O3 surfaces where the surface reconstruction is considered. 
Previous models only consider ideal surfaces without the surface reconstruction. However, Digne et 




facet and the activation temperature.5, 37 Their results showed that (100) facet are completely dehydrated 
above 327 oC, whereas (110) and (111) facet still remain high hydrated even at 727 oC. Under these 
reconstructed surfaces, OH vibrations were specific to exposed crystal facets of γ-Al2O3, suggesting 
that the crystal facets affect more critically than the cation vacancy by Busca et al.’s model. This model 
has been the most popular γ-Al2O3 surface model in Al2O3 research field. The challenge to understand 
the surfaces of γ-Al2O3 have been on-going.  
Table 1.2. Suggested models for surface OH groups on γ-Al2O3. [ ] notes the cation vacancy. I and μ1 = 
isolated; II and μ2 = bridged; III and μ3 = triply bridged. 
 
The acidity of various surface hydroxyls can be investigated by adsorbing acidic/basic probe 
molecules (pyridine, CO, CO2, nitrile, etc.).1, 61-63 Various surface models assume that the lower the OH 
vibration frequencies, the more acidic hydroxyls.49, 55-56, 58-60 However, IR results showed the opposite 
results: The OH groups above 3700 cm-1 (3790, 3770, and 3730 cm-1) are enough acidic to adsorb the 
weakly and strongly basic probes (CO, nitriles, and pyridine).1 On the other hand, hydroxyls below 
3700 cm-1, which supposed to be acidic, are inactive in adsorption such as nitriles.1, 61 Especially, surface 
hydroxyls at 3770 cm-1 showed the most reactivity among hydroxyls for various probes and OH-related 
reaction.49, 64 Morterra et al.62 and Busca et al.1, 50 suggested that surface hydroxyls at 3770 cm-1 exist 
on the most exposed surfaces such as edge, corner or near defect sites (vacancy), leading to unique 
reactivity. HR-TEM and simulation also report the surface reconstruction of (110) facets into (111) 
facets, showing more exposed edge-like surfaces.52, 65 However, the exact nature of defective surfaces 
has to be investigated in detail more. 
The complexity of various surface hydroxyls indicates that Lewis acid sites are heterogeneous 
because Lewis acid sites on aluminas are usually formed after the dehydroxylation of these hydroxyls.1, 
3 Many studies report the heterogeneity of Lewis acidities on γ-Al2O3 surfaces.48, 54, 61, 63, 66 Three kinds 
of Lewis acids sites were revealed by pyridine adsorption and also CO adsorption.49, 61-63 Furthermore, 
five types of Al-O pair sites were reported to have different adsorption strength for water by 
simulation.48 These heterogeneities of Lewis acid sites can result in different catalytic activities such as 
OH frequency
Model
Tsyganenko and Filimonov56 Knözinger and Ratnasamy58 Busca et al.59 Digne et al.5,37
3800–3785 I Ib (AlVI) AlIV HO–μ1–AlIV (110)
3780–3760 I Ia (AlIV) [ ]–O–AlIV HO–μ1–AlVI (100)
3745 II IIb (AlVI,AlVI) HO–μ3–AlVI (111)
3735–3730 II IIa (AlIV,AlVI) AlVI HO–μ2–AlV (111), HO–μ1–AlV (110)
3710 III III [ ]–O–AlVI
3690 III III II HO–μ1–AlV (110)




alcohol dehydration, one of typical acid-catalyzed reaction.54 
Specifically, two Lewis acid sites are highlighted due to their unique activities. One is tri-
coordinated Al site (AlIII) on (110) facets formed after dehydroxylation of AlIV-OH and the other is 
penta-coordinated Al site (AlV) on (100) facets, which is formed after dehydroxylation of AlVI-OH, as 
shown in Figure 1.3.37  
Figure 1.3. Relaxed configurations for (a) γ-Al2O3(100) and (b) γ-Al2O3(110) surfaces for different 
hydroxyl coverages (θ in OH·nm−2). (Black balls) O; (gray balls) Al; (white balls) H. Reprinted from 
ref 37. Copyright (2002), with permission from Elsevier. 
 
First, AlIII site is the most acidic sites, but its existence in real has been questioned because (110) 
facets are still high hydrated even at 727 oC.5, 37 However, Wischert et al. found that the optimal surface 
hydration by activation at 700 oC led to the expose of AlIII sites with the simultaneous stabilization of 
(110) surfaces by DFT simulation.53 Interestingly, AlIII site can adsorb N2 and AlIII–O Lewis acid-base 
pair can activate H2 and CH4 (Figure 1.4).48 Furthermore, AlIII sites also contribute to the metathesis of 







Figure 1.4. Scheme of activation of N2, H2, and CH4 by AlIII sites. Reprinted with permission from ref 
48. Copyright (2012) American Chemical Society.  
Second, the role of penta-coordinated Al sites (AlV) were investigated by 27Al-NMR with ultrahigh 
magnetic field NMR.9-11, 45, 51, 67 According to Digne et al’s model, (100) facets are fully dehydroxylated 
at 327 oC, leading to formation of AlV after dehydroxylation of AlVI–OH.5, 37 Kwak et al. confirmed the 
existence of AlV on the alumina surfaces rather than bulk.9 Serious of studies found the critical role of 
AlV in catalytic properties of γ-Al2O3. AlV sites are anchoring sites for the active phase (Pt, BaO, WOx) 
evidenced by the decrease of AlV sites with 27Al-NMR after loading the active phases on Figure 1.5a.9-
11 PtO is suggested to be anchored on AlV sites on (100) facets through AlV-O-Pt bond by DFT 
simulation (Figure 1.5b and 1.5c).11 Furthermore, AlV sites play a role in the phase transformation of 
γ-Al2O3.67 Interestingly, despite the minor facets of (100) (<20%) in γ-Al2O3 rather than (110) facets 
(74%), AlV sites are active for alcohol dehydration (Figure 1.6a).46-47, 51 Kwak et al. performed ethanol 
temperature-programmed desorption (TPD) on γ-Al2O3 with changing the activation temperature.46 
Figure 1.6b showed that ethanol desorbed as ethylene (>150 ℃) by dissociative adsorption as ethoxide 
on γ-Al2O3. Interestingly, the desorption of ethylene was sensitive to surface dehydroxylation of γ-Al2O3. 
The desorption of ethylene occurred at 250–260 ℃ after 100~200 ℃ activation, but shifted lower 
(225 ℃) after 400~500 ℃ activation (Figure 1.6c). These results were interpreted; Ethylene was 
desorbed easily on the Lewis acid sites (AlV) than Brønsted acid sites (Al-OH) on (100) facets, which 
were consistent with the model by Digne et al. showing the dehydroxylation of (100) facets above 
327 ℃.5, 37 As (110) facets are always hydrated during 100~500 ℃ activation, change of ethylene 
desorption couldn’t be explained on (110) facets.5, 37 Furthermore, quantification of sites from ethanol 
TPD was comparable to that from 27Al-NMR, suggesting the active sites are AlV sites of (100) facets 




Figure 1.5. (a) 27Al MAS-NMR for γ-Al2O3 (black) and 10 wt % Pt/γ-Al2O3 (red) after calcination at 
573 K. (b), (c) Optimized PtO overlayer on γ-Al2O3 (100) by DFT simulation. Reprinted with 
permission from ref 11. Copyright (2009) American Association for the Advancement of Science. 
 
Figure 1.6. (a) Scheme of ethanol dehydration on (100) facets of γ-Al2O3. Reprinted by permission 
from SpringerNature: SpringerNature, Catalysis Letters (ref 46), Copyright (2011). (b) Ethanol TPD for 
Puralox SBA-200 (γ-Al2O3, Sasol) after 500 ℃ calcination, which was detected by mass spectrometry. 
The inlet showed a scheme for the dissociative adsorption of ethanol as ethoxide on γ-Al2O3 surfaces. 
(c) Ethanol TPD profiles on calcined at the indicated temperature after ethanol adsorption at room 





However, the formation of Lewis acid sites on γ-Al2O3 not always require dehydroxylation by pre-
activation. Busca group suggests that if reactants have similar acidities with respect to water, reactants 
can substitute hydroxyls directly such as ethanol and water on Figure 1.7.1, 50 The relative acidities 
between reactants and water are an important parameter to activate the Lewis acid sites on γ-Al2O3. 
Figure 1.7. Scheme of ethanol adsorption and conversion into ethylene on alumina. Reprinted from ref 
1. Copyright (2014), with permission from Elsevier. 
In summary, γ-Al2O3 is very complex catalytic materials whose structures are not fully established 
despite numerous studies. However, surface properties of Al2O3 are most important because surface 
stability is critical than bulk stability in commercially utilized nano-sized Al2O3. The most key features 
of γ-Al2O3 arise from its Lewis acidity, which acts the anchoring sites for active phases and shows the 
unique catalytic activity itself. Various kinds of Lewis acid sites exist on γ-Al2O3 surfaces, leading to 
the complexity of understanding the surface chemistry of γ-Al2O3. 
1.3. Factors to affect the surface properties of γ-Al2O3 
Various factors such as morphology, crystalline phases, impurities, and additives affect the surface 
properties of γ-Al2O3. In particular, the influence of various factors is mixed, and each factor also affects 
each other. For example, the phase transformation of γ-Al2O3 are affected by both morphology and 
additives.3, 68-69 
1.3.1. Morphology 
Various morphologies (rhombus,70-74 hexagon,72 elongated platelets,73, 75 cuboctahedrons,70 rods,71, 
74 and fiber72-73) for γ-Al2O3 have been reported, as shown in Figure 1.8. As γ-Al2O3 with various 
morphologies have different crystal facet ratio in (110), (111), and (100) planes, and each facet has 
different surface properties such as dehydroxylation and strength of Lewis acid sites,5, 37 they show 
different catalytic properties although their bulk structures are all the same as γ-Al2O3. First, each facet 




active phase and also catalytic properties of the active phase.11-14, 44, 70 Furthermore, their own catalytic 
activities such as alcohol dehydration and CH4 activation are reported to be different.46-48 
 
Figure 1.8. Scheme for γ-Al2O3 with various morphologies. (a) Rhombus platelet70-74; (b) hexagonal 
platelet72; (c) elongated platelet73,75; (d) cuboctahedral particles70; (e) rod/fibrous particles71-74. 
The critical role of morphologies for different catalytic properties suggests that controlling the 
morphology of γ-Al2O3 can be a promising way to design the catalytic performance of Al2O3-based 
catalysts. As the morphology of γ-Al2O3 inherits from their precursor (boehmite: γ-AlOOH)–topotactic 
transformation (Figure 1.9),5 many studies have devoted to controlling morphologies of boehmite. (010) 
plane of boehmite is the most stable irrespective of pH and normally becomes the most abundant 
plane.76 The most abundant (010) plane became (110) plane after phase transformation into γ-Al2O3 and 
that’s why γ-Al2O3 usually have (110) planes most.5-6 By adjusting synthetic condition, other lateral 
planes ((110)  and (111) planes) can grow, leading to different morphologies such as elongated 
platelet,73, 75 rod,71-72, 74 and fibrous γ-Al2O3.72-73, 75 The morphology of γ-Al2O3/boehmite can be 
controlled by changing the pH condition,71, 73-74 precursors (nitrate, chloride, sulfate),73, 77 and 
additives.78 Under the acidic condition, elongated morphologies are formed, but rhombus platelet is 
synthesized under basic condition.71, 73-74 This is well correlated to the electrostatic state of the surface 
in solution.73 Under the acidic condition, the surface of boehmite is positive and anion, whose source is 
Al precursors or additives, are adsorbed. Selective anion adsorption into (010), (001) planes led to 
preferential growth of boehmite along [100] direction and elongated morphologies are obtained.73 The 
kinds of anion have different adsorption strength, leading to different growth rates and finally different 
facet ratio. Under the basic condition, the surfaces are negatively charged and the anion can’t adsorb 




particles are usually synthesized under basic condition, where the basal planes are most stable (010) 
plane (boehmite) and finally, (110) plane for γ-Al2O3.73-74 
 
Figure 1.9. Topotactic transformation of γ-AlOOH into γ-Al2O3. Reprinted from ref 5. Copyright 
(2004), with permission from Elsevier. 
Although many efforts devoted to controlling the morphology of alumina, two issues should be 
carefully considered. One is the remaining additives, which was used to control the morphology. As 
anion (chloride, sulfate) and cation (alkali metal) affect the surface properties of γ-Al2O3 (will be 
discussed in detail on 1.3.3 section), remaining additives should be washed clearly after synthesis of 
morphology-controlled Al2O3. The other is which planes are the real exposed planes. the γ-Al2O3 surface 
can be reconstructed, which is not easy to be correctly characterized. Kovarik et al. did HR-TEM study 
for rhombus platelet γ-Al2O3 with (110) and (111) planes with apparent morphology and reported that 
the (110) facets are actually reconstructed into (111) facets (Figure 1.10),52 which was previously 
expected by simulation from Pinto et al.65 These reconstruction of γ-Al2O3 surface suggests the 
difficulties of real exposed crystal facets on morphology-controlled γ-Al2O3. 
Figure 1.10. HR-TEM of (110) surfaces in edge-on orientation reveal that the surface is not atomically 
flat but, instead, consists of two sets of (111) type facets. The inset in panel a represents an indexed 
diffractogram (Fourier spectrum) that was obtained from the upper particle. Reprinted with permission 




1.3.2. Crystalline phase 
As γ-Al2O3 is metastable, high thermal treatment phase transform of γ-phase into δ-phase, θ-phase 
and finally α-phase.1, 3 During this phase evolution, the physicochemical properties of Al2O3 vary and 
lead to different catalytic properties. For example, the strong Lewis acidities of γ-Al2O3 are useful in 
acid-catalyzed reaction, such as isomerization and alcohol dehydration.7-8, 21 However, much less acidity 
of θ-Al2O3 and α-Al2O3 is desirable for suppressing the side reaction such as coke formation and 
polymerization.17-19 The changes of Lewis acidity is due to the ordering of the cation sites on alumina 
surfaces during the phase transformation.1, 3-4, 79 It has been known that the cation ordering increased 
gradually during phase evolution into θ-Al2O3 (γ→δ→θ) without no change of oxygen anion lattice 
(FCC).1, 3-4 Especially, the number of tetrahedral Al sites (AlIV) increased up to θ-Al2O3 (~50% for in 
theory) and then decreased due to the formation of α-Al2O3 having octahedral Al sites only.35, 51 
Increased cation ordering led to more homogenous Lewis acid sites for δ, θ-Al2O3 than γ-Al2O3. IR 
spectroscopy using probe molecules (CO and pyridine) showed the much narrow adsorption bands for 
Lewis acid sites.1, 49, 80 However, CO and pyridine experiments show similar Lewis acid sites for γ-
Al2O3 up to θ-Al2O3 qualitatively.1, 49-50, 80 Only difference was δ, θ-Al2O3 has less number of Lewis acid 
sites than γ-Al2O3 due to lower surface areas after high thermal treatment. α-Al2O3 have Lewis acid 
sites from octahedral Al sites,49, 80 but its contribution is small due to too low surface areas (< 5 m2/g).  
Several crystalline phases (γ-α phase) usually coexists: XRD and TEM showed transition Al2O3 
had mixtures of at least two phases.1, 3-4, 81-82 Figure 1.11 showed the mixture of δ-Al2O3 and θ-Al2O3 
after 1000 ℃ calcined platelet γ-Al2O3.81 Tetrahedral Al sites should be ~50% for complete θ-Al2O3 in 
theory, but usually, θ-Al2O3 showed ~40% tetrahedral Al sites experimentally due to other phases.35 The 
surface properties of transition aluminas are mixed from those of various crystalline phases. Therefore, 
understanding the transition aluminas is challenging because distinguishing how each phase contribute 
to the surface properties of transition aluminas is difficult. Furthermore, the presence as multiple phases 
in transition aluminas questions whether each phase exists on the surface only or in bulk. When the 
specific phase grows on the surface only, using bulk techniques only such as XRD should be careful.83 
Kwak et al. demonstrated the phase transformation of γ-Al2O3 into θ-Al2O3 initiates on the surfaces 
without no change of bulk phases as γ-Al2O3 by ethanol TPD.84 800 ℃ calcination of γ-Al2O3 showed 
the surface characteristics of θ-Al2O3 evidenced by ethanol desorption without no change of bulk 
structure by XRD. Therefore, surface-sensitive characterization such as ethanol TPD is needed for fully 
understanding the surface properties of transition Al2O3. Finally, thermal history of transition alumina 
should be carefully considered because each crystalline phase is metastable and continuously phase 
transform into other phases.1-2, 4 Different thermal histories led to different mixtures of each crystalline 













Figure. 1.11. (a) HAADF-STEM of a 1000 ℃ calcined γ-Al2O3, showing the formation of both θ-Al2O3 
and δ-Al2O3. (b) XRD for 1050 ℃ calcined γ-Al2O3 (Sasol) during 4, 8, and 48 hr. Reprinted with 
permission from ref 81. Copyright (2015) American Chemical Society. 
1.3.3. Impurities and additives 
Al2O3 supported catalysts utilized in industries have remaining impurities (alkali metal or halogen) 
during preparation and various additives for modification of the catalysts.1, 3 The effect of impurities 
and additives should be carefully considered because they affect the catalytic properties significantly 
by modifying the acidity and also the electronic properties of the active phases.85-87 Commercial γ-Al2O3 
are prepared by using various precursors.1, 3 One is precipitation from NaAl2O4 salts, leading to several 
hundred ppm of Na (200-700 ppm).88 The other is flame hydrolysis of AlCl3, where Cl is remained (> 
5000 ppm).64 However, Sasol company produce pure γ-Al2O3 by alkoxide-based preparation by Ziegler 
process, where Na is ~20 ppm and Cl is non-detectable.89 Especially, the effects of impurities are very 
sensitive because only small amounts of impurity affect the catalytic performances such as alcohol 
dehydration and reforming process.3, 50, 88 Figure 1.12 showed that the stability of reforming catalysts 
decreased twice when the catalysts with 300 ppm of Na were used compared to that with 100 ppm of 
Na. In this case, only pure Al2O3 prepared by the Ziegler process should be used.3 Alkali metal (Na+, 
K+) and chlorine remove the most reactive hydroxyl at 3775 cm-1 and simultaneously modify the 
acidities of Al2O3.50 Sodium reduces the number and titrates the strongest Lewis acid sites.50, 64, 85, 88 
Chlorine is usually known to promote the acidity of γ-Al2O3 for an acid-catalyzed reaction such as 
alkylation and isomerization.90 Especially, chlorine is usually added from conventional metal precursors 
(H2PtCl6), contributing to higher dispersion and re-dispersion of transition metals such as Pt.91-92 





sites or formation of less active oxychlorinated species.87 
Figure. 1.12. Influence of Na impurities in γ-Al2O3 on the C5+ yield stability in the reforming process. 
Reprinted with permission from ref 3. Copyright (2008) Wiley-VCH Verlag GmbH & Co. KGaA, 
Weinheim. 
High thermal temperature induces the phase evolution of γ-Al2O3 with the loss of surface area, 
which can be significantly suppressed by additives such as alkali metal, alkali earth-metal, and other 
elements (Figure. 1.13).69, 93-94 These stabilized aluminas could improve the performance of the 
combustion catalyst.94 However, these additives also modify the acid-base properties of γ-Al2O3. La2O3 
and BaO are a well-known stabilizers for γ-Al2O3, but also titrates Lewis acid sites, showing the 
decreased activity for acid-catalyzed reaction.95-96 It suggests that surface properties of γ-Al2O3 are 
affected by mixed effects of crystalline phases and additives. 
Figure 1.13. Temperature dependence of surface area for (BaO)0.14(Al2O3)0.86 (●), Al2O3 (○). 





Thanks to the versatile utilization of industrial fields such as petroleum refining and automobile 
combustion, a fundamental understanding of the surface properties of Al2O3 is needed for the origin of 
the catalytic properties of Al2O3-based catalysts. This will provide guidelines for designing Al2O3-
supported catalysts with improved activity and stability rather than trial and error methods. However, 
the surface properties of Al2O3 still need to be resolved because Al2O3-based catalysts are very 
complicated. The complexity of Al2O3-based catalysts is derived from the unresolved structures, various 
preparation conditions (precursors, pH, heat treatment and additives) and the combined effects of 
various factors (morphology, phases, impurity, additives, etc.). In addition, inherent low crystallinity 
with defective nature of Al2O3 makes conventional bulk characterization such as XRD difficult. Surface-
oriented characterizations, such as spectroscopy using probe molecules (CO, pyridine, NH3, CO2), have 
been studied, but nonselective adsorption and broad signaling hinder distinguishing the effects of each 
factor on surface properties of Al2O3. To distinguish the role of each factor, comprehensive approaches 
should include the preparation of well-defined model Al2O3 and sensitive characterization tools for 
Al2O3 surface. 
1.5. Outline 
This thesis focuses on understanding the surface properties of Al2O3 and their role for the 
interaction with supported active phases (transition metal) and the corresponding catalytic behavior of 
Al2O3 supported catalysts. Chapter 2 introduces a preparation of well–defined Al2O3 with different 
(100) facet ratios and their role for acid catalysis (ethanol dehydration). Chapter 3 extends the 
preparation of model Al2O3 with controlled morphologies, phases, and additives and investigates which 
factor is the most critical for surface properties of Al2O3. Here, I use ethanol as the probe molecule by 
ethanol Temperature programmed desorption (TPD) for characterizing Al2O3 surfaces sensitively. 
Based on understanding the surface properties of Al2O3, Chapter 4 shows how the number and 
properties of specific sites on Al2O3 affect the interaction between the supported active phase (Pt) and 
the catalytic behavior of Pt/Al2O3 by benzene hydrogenation. Finally, Chapter 5 present how the metal 
support interaction affects the reduction behavior of oxidized Pt on the alumina surface. 
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2. Critical role of (100) Facets on γ-Al2O3 for Ethanol Dehydration: 
Combined Efforts of Morphology-Controlled Synthesis and TEM Study 
This chapter contains the published result. 
Lee, J.; Jang, E.J.; Jeong, H.Y.; Kwak, J.H. Appl. Catal., A 2018, 556, 121-128. 
 
2.1. Abstract 
In this work, the effect of crystal facets on the catalytic behavior of γ-Al2O3 was investigated by 
X-ray diffraction, transmission electron microscopy, temperature-programmed desorption of ethanol, 
solid-state 27Al NMR, infrared spectroscopy, and ethanol dehydration reaction. A series of platelet γ-
Al2O3 was synthesized, in which the relative ratio of (100) facets had been systematically increased. 
Ethylene formation increased with increasing (100) facets, clearly demonstrating the critical role of 
these facets as active sites for ethanol dehydration on γ-Al2O3. This systematic approach is helpful for 
a better understanding of facet-dependent catalytic properties of γ-Al2O3 that arise from the interaction 
between the supported metal and the crystal facets. 
2.2. Introduction 
γ-Al2O3 is an important catalytic material that has been used as a support for a wide range of 
applications in petroleum chemistry and automobile emission control.1-3 Since γ-Al2O3 has an intrinsic 
acidity, it can participate in acid-catalyzed reactions such as alcohol dehydration.4 For decades, 
numerous studies have been devoted towards understanding the fundamental nature of Al2O3 owing to 
its practical importance in catalysis.3,5-14 
The catalytic properties of oxides, such as activity, selectivity, and distribution of active phases on 
the support, are significantly affected by their surface characteristics because chemical processes mainly 
occur on the surface.8-12,14 Thus, considerable research efforts have been made to study the surface 
characteristics of oxides in detail. In particular, the effect of a crystal facet on catalytic behavior has 
been thoroughly examined for oxides like TiO2, CeO2, and FeOx that have a well-defined crystalline 
structure.15 However, it is difficult to understand the effect of each crystal facet of γ-Al2O3 on its 
catalytic properties due to undefined structures (defect-spinel or non-spinel), which is intrinsically 
complex.8,16,17 Therefore, many studies have been performed by indirect methods such as surface 
science, theoretical calculations, or using relatively crystalline δ, θ, α phases of Al2O3 which are 
obtained by phase-transformation of γ-Al2O3.8,9,18-20 For example, Digne and Sautet et al. have suggested 
a non-spinel-based γ-Al2O3 simulated model and shown that surface dehydroxylation is closely related 




facets on the catalytic properties of γ-phase, two issues must be addressed. The first issue deals with the 
sensitivity of the technique or instrument used for characterization of the crystal facets of γ-Al2O3. 
Various tools like X-ray diffraction (XRD),16,21-23 NMR,14,24,25 FT-IR,3,26-29 transmission electron 
microscopy (TEM),1,6,30 and other temperature-programmed techniques31-33 can be utilized to 
characterize the Al2O3 surface. However, a quantitative measurement of the facet ratio using bulk 
techniques such as XRD is very difficult due to the low crystallinity and small domain size of γ-
Al2O3.23,32 The second challenge lies in the preparation of a series of γ-Al2O3 samples with systematic 
variance in morphology. Recent advances in nanotechnology have made it possible to prepare various 
Al2O3 with different morphologies. Since the morphology of γ-Al2O3 is determined from boehmite (by 
topotactic transformation),9,13,34 the synthesis of the precursor AlOOH were controlled to obtain specific 
morphologies such as needle, platelet, flower-like, and ellipsoid Al2O3.35-39 However, many studies 
focus on the characterization of boehmite instead of γ-Al2O3. Although some researchers have 
investigated the crystal facets of γ-Al2O3, these studies have been limited to comparisons between its 
drastically different morphologies, such as rod, platelet, and cuboctahedral.40-41 Therefore, any approach 
towards understanding the effects of crystal facets on catalytic properties must involve well-defined γ-
Al2O3 with systematic morphological change. 
In this work, a series of platelet γ-Al2O3 samples was synthesized wherein the number of (100) 
facets increased systematically and then correlated with the catalytic behavior of γ-Al2O3 in ethanol 
dehydration. The catalytic activity of γ-Al2O3 in ethylene formation increased with an increase in the 
relative ratio of (100) facets. This result suggests that the (100) facets play a crucial role in the alcohol 
dehydration reaction; therefore, careful control of γ-Al2O3 morphology is an important aspect of catalyst 
design. 
2.3. Experimental Section 
2.3.1. Preparation of facet-oriented γ-Al2O3 
A series of platelet Al2O3 was synthesized based on previous reports with modification.39,42 First, 
Al(NO3)3·9H2O (SAMCHUN, 98.0% purity, 7.15 g) was dissolved in distilled water (80 ml) to form a 
transparent solution. Then, hydrazine monohydrate (N2H4·H2O, SAMCHUN, 80% minimum purity) 
diluted in water was dropped into the solution, leading to a milky precipitate. The resultant mixture was 
transferred into a 125 ml Teflon-lined autoclave, then sealed and kept in the electric oven at 200 °C. 
After 12 h, the pH was measured by pH meter. The variance of hydrazine monohydrate amounts led to 
the pH range from 8.3 to 10. Next, the precipitates were collected by centrifugation, repeatedly washed 
by DI water and isopropyl alcohol, and dried at room temperature with air blowing for 1 day. Another 




leading to the variance of pH from 4.3 to 7.6. The other procedures were same. The as-prepared powders 
were calcined in a muffle furnace at 600 °C for 3 h, resulting in the platelet γ-Al2O3. 
2.3.2. Characterizations 
XRD patterns were obtained on a Bruker D8 Advance A25 using Cu Kα radiation (λ = 1.54 Å) in 
step mode between 2θ values of 5° and 75°, with a step size of 0.02°/s. The morphologies of Al2O3 were 
confirmed by TEM (JEOL JEM-2100). The bright field transmission electron microscopy (BFTEM) 
image and electron diffraction pattern were obtained by a FEI Titan3 G2 60-300 at an accelerating 
voltage of 80 kV. The specific surface area was determined by the Brunauer-Emmett-Teller method 
using BELSORP-Max instrument. Solid 27Al-NMR experiments were performed at room temperature 
on a Varian VNMRS 600 MHz NMR spectrometer, operating at a magnetic field of 14.4 T. The 
corresponding 27Al Larmor frequency was 156.299 MHz. All the spectra were acquired at the spinning 
rate of 25 kHz, using a 1.6 mm pencil-type MAS probe. Each spectrum was acquired using a total of 
256 scans with a recycle delay time of 1 s. All spectra were externally referenced (i.e., the 0 ppm 
position) to a 1 M Al(NO3)3 aqueous solution. We normalized the 27Al MAS spectra with the same total 
NMR peak area for the ease of comparison. 
Ethanol TPD was carried out using the same experimental procedures as described in our previous 
report.33 Prior to ethanol TPD experiments, 0.05 g of alumina was calcined at 500 °C for 1 h under 20% 
O2/He flow (1.0 ml/s). After calcination, the sample was cooled down to room temperature and ethanol 
adsorption was carried out for 30 min using a 2.0 % ethanol/He gas mixture (1.0 ml/s), followed by a 
He purge for 30 min in order to remove weakly-bound ethanol molecules. After stabilization of the 
flame ionization detector (FID) signal of an Agilent 7820A gas chromatograph (GC), a TPD experiment 
was carried out in flowing He (1.0 ml/s) with a heating rate of 10 °C/min, and the reactor outlet flowing 
directly to the FID (i.e., no GC column separation). 
The in situ diffuse reflectance infrared spectroscopy (DRIFTS) experiments were performed on a 
Nicolet iS10 FTIR spectrometer equipped with a mercury cadmium telluride (MCT) detector. Al2O3 
samples were loaded into a high temperature reaction chamber (Harrick Scientific) using ZnSe windows, 
which is installed in a Praying Mantis diffusion reflection accessory. The loaded sample in the DRIFTS 
reactor was purged at 500 °C for 2 h with 3 ml/min of He and then cooled down to the room temperature. 
The pretreatment conditions were confirmed by obtaining the spectrum of commercial γ-Al2O3 (Puralox 
SBA 200). The IR spectrum collected from Puralox SBA 200 after the same treatment showed that the 
hydroxyl groups were consistent results with a previous study (Supporting information).12 Then, the 
spectrum was collected at 25 °C under 3 ml/min of He flow by using harshly dried KBr as a background. 




normalized with the intensity of 3728 cm-1 peak which was assigned to be located on the (110) surface 
by Digne et al.8 
2.3.3. Catalytic activity measurements 
Ethanol dehydration tests were performed in a quartz flow reactor (outer diameter 1/4’’ and inner 
diameter 3.6 mm) using 0.01 g samples (60-100 mesh) supported by quartz wool. Samples were treated 
under 20% O2/He flow at 500 °C for 1 h. The carrier gas (He) was passed through a bubbler containing 
ethanol (99.5%, Sigma Aldrich) kept at 24 °C and ambient pressure. The ethanol concentration (2%) 
was controlled by relative He flow rate (total flow rate of He was 2.0 ml/s). Under this reaction flow 
condition, external diffusion could be neglected.43 The outlet gases were analyzed by a GC (Agilent 
7820A) using an HP-FFAP column and FID. The overall activities for ethanol dehydration were 
compared at 180 °C and apparent activation energies were obtained in the temperature region ranging 
from 170 °C to 190 °C under differential condition (< 10% conversion). Another series of activity 
measurements was carried out at 300 °C with the same protocols. Under this condition, the catalysts 
exhibited significant deactivation. Therefore, the initial reaction rates were estimated by extrapolation. 
2.3.4. Calculation of the facet ratio by TEM measurements 
Length and thickness of platelet γ-Al2O3 particles were measured on TEM images at low 
magnification. 50 particles were counted for each platelet γ-Al2O3 synthesized at different pH condition 
(4.3 – 10). Usually, the main facets of γ-Al2O3 are discussed based on (100), (110) and (111) facets. So, 
we measured the length and thickness of each particle in order to obtain the relative facet ratio of (100), 
(110) and (111) facets. The needed length parameters are defined in Figure 2.1. The parameter w1, w2, 
and w3 are the lengths for each corresponding side on exposed planes. t is the thickness of particles. h 
is the diagonal of (110) facet. h’ is the height of (110) facet. θ is the angle between (111) facets on 
elongated platelet. The aspect ratio was defined as w3/h (rhombus) and a/h (elongated). The calculation 
of the facet ratio was done based on the measured parameters. Simply, we can divide into two groups; 
rhombus and elongated platelet. For rhombus particles, no apparent (100) facet existed. So, (110) and 
(111) facet was only considered. Although the previous TEM study shows that the {100} facet exists 
on the rhombus platelet γ-Al2O3 due to surface roughness on (110)/(111) facets or internal surface of 
the pore,44 the detailed understanding is out of the scope in this work. For elongated particles, (100), 







< Rhombus particles > 
S110, the area of {110} facets = w3 × h (rhombus) or 2 × w1 × h‘ (parallelogram) 
S111, the area of (111) facets = 2 × t × (w1 + w2) 
Total area = S110 + S111 
The relative ratio of each facet (%) = 100 × Si / total area 
 
< Elongated particles > 
S100, the area of (100) facets = 2 × w3 × t 
S110, the area of (110) facets = 2 × w3 × h + 2 × w1 × w2 × sin (θ) 
S111, the area of (111) facets = 2 × t × (w1 + w2) 
Total area = S100 + S110 + S111 
The relative ratio of each facet (%) = 100 × Si / total area 
 
 
Figure 2.1. (a) Schematic description of platelet γ-Al2O3 (rhombus and elongated) with the indexing of 
the crystallographic planes and direction in a cubic lattice and (b) dimensional parameters of platelet γ-
Al2O3. The parameter w1, w2, and w3 are the lengths for each corresponding sides on exposed planes. t 
is the thickness of particles. h is the diagonal of {110} facet. h‘ is the height of {110} facet. θ is the 









2.4. Results and Discussion 
Figure 2.2 shows the structural and morphological characteristics of AlOOH synthesized by 
controlling pH with acetic acid and hydrazine. XRD patterns confirmed the formation of orthorhombic 
γ-AlOOH (JCPDS no. 74-1895) under the entire range of pH used. Representative TEM images for all 
series of AlOOH synthesized at pH 4~10 are shown in Figure 2.2b–2.2g. Boehmite synthesized at pH 
10 primarily showed a rhombus shape. Under neutral conditions, hexagonal shapes were obtained and 
elongated platelets that were truncated at one-side were synthesized under acidic conditions. With 
decreasing pH, growth in a specific direction was observed. 
Figure 2.2. (a) XRD patterns for AlOOH synthesized at different pH levels and the low magnification 
TEM images for AlOOH synthesized at (b) pH 4.3, (c) pH 5.4, (d) pH 7, (e) pH 7.6, (f) pH 8.3, and (g) 
pH 10. 
 
After thermal treatment at 600 °C, boehmite phase-transformed to become γ-Al2O3 (JCPDS no. 
10-425), as confirmed by XRD (Figure 2.3a). It is noteworthy that there are no apparent differences in 
the XRD peaks of boehmite and γ-Al2O3, even though some differences can be observed for as-prepared 




for γ-Al2O3, which arise due to its low crystallinity and small domain sizes. The transformation of 
AlOOH into γ-Al2O3 is known to be topotactic, which means that the facets of γ-Al2O3 inherit their 
characteristics from the starting AlOOH.9,13,34 Compared with initial morphologies of AlOOH, the 
overall morphology of γ-Al2O3 platelet is maintained (Figure 2.3b–2.3g), which is consistent with 
topotactic phase transformation. At pH 10, the particles have a rhombus shape with a length of 30–70 
nm. After the shape changes to hexagonal under neutral conditions, Al2O3 finally becomes an elongated 
platelet with the elongated side measuring 30–90 nm and the shorter side 8–25 nm. The aspect ratio of 
synthesized γ-Al2O3 was also measured for more quantitative information, as shown in Figure 2.4. A 
high aspect ratio is observed under acidic conditions, indicating the presence of elongated platelet 
morphology. Thus, several γ-Al2O3 platelets with different morphologies were synthesized by 
systematically controlling the pH during their synthesis. 
Figure 2.3. (a) XRD patterns for γ-Al2O3 synthesized at different pH levels and the low magnification 





Figure 2.4. Aspect ratio of γ-Al2O3 at selected pH (4.3, 7.6, and 10). The aspect ratio is defined as a/h 
on the inlet. 
In order to identify the detailed crystallographic orientation of synthesized γ-Al2O3, bright-field 
TEM (BFTEM) and electron diffraction studies were performed on individual particles and the results 
are shown in Figure 2.5. Usually, the (010) facet is known to be the most dominating of all facets on 
AlOOH because the interfacial tension of this facet is the lowest and also independent of the pH.44 The 
BFTEM images and selected area electron diffraction (SAED) pattern of AlOOH given in Figure 2.5a 
show that all particles are aligned to the main basal planes perpendicular to the [010] direction. The 
diagonal planes of the platelet formed at pH 10 are parallel to the (202) facets. The newly elongated 
planes formed with decreasing pH were found to be parallel to (001), which illustrates the specific 
growth along (001) facets. After thermal treatment, the SAED pattern for γ-Al2O3 (Figure 2.5b) showed 
that the main basal planes were perpendicular to the (110) direction, indicating the change of the (010) 
facet on AlOOH into a (110) facet of γ-Al2O3. The lateral faces of (202) and (002) facets in AlOOH 
also changed into (111) and (004) facets of γ-Al2O3, respectively. These observations are consistent 
with previous structural correlations between AlOOH and γ-Al2O3.9  
The crystal facets of γ-Al2O3 that are mainly discussed in the literature are (100), (110), and (111) 
facets.9 Detailed TEM studies were performed to determine the ratio of each of these facets in fifty 
Al2O3 particles. The BFTEM images were analyzed based on the structural model shown in Figure 2.6a 
and the results are summarized in Figure 2.6b. The rhombus γ-Al2O3 synthesized under basic 
conditions showed no apparent (100) facet. Previous HR-TEM study of platelet γ-Al2O3 reveals that the 
alumina has the internal surfaces of pore/voids defined by (100) and (111). And based on the epitaxial 
relationship between Pt and platelet gamma alumina, external surface mainly defined as (110) and (111) 
facets have (100) facets also, which correlated with some degree of roughness on the (111)/(110) 
surfaces.44,46 However, detailed understanding should be further investigated. Considering the apparent 
morphology, it may be concluded that the (100) facet ratio increased up to 23% with decreasing pH. 




decreased with decreasing pH. Hence, γ-Al2O3 synthesized in this work may be considered a suitable 
model system to investigate the role of (100) facet on the catalytic behavior of γ-Al2O3. 
Figure 2.5. BFTEM images and SAED patterns in (a) [010] zone direction of AlOOH and (b) [110] 
zone direction of γ-Al2O3 at selected pH values of 4.3, 7.6, and 10. 
Figure 2.6. (a) Schematic diagram of γ-Al2O3 illustrating the different portions of (110), (111) and 
(100/001) facets at pH 4.3 and 10. (b) Relative portion of (110), (111) and (100) facets by TEM for 
platelet γ-Al2O3 in the entire range of pH. The error bars are shown from the standard derivation from 




Diffuse reflectance infrared Fourier-transform (DRIFT) spectroscopic analysis was performed to 
investigate the typical properties of the synthesized alumina surface and the changes in surface hydroxyl 
groups with an increase in the (100) facet ratio. Figure 2.7a shows the hydroxyl region of the DRIFT 
spectrum. It is noteworthy that the peaks at 3766 cm-1 and 3660 cm-1 increase with increasing (100) 
facet ratio. Three types of OH groups are known to exist on the surface of γ-Al2O3: isolated OH (μ1), 
bridged (μ2) or triply-bridged OH (μ3), but their exact assignments are still controversial.3,5,8,9,26,29 Digne 
et al. have assigned the bands at 3766 cm−1 and 3660 cm−1 to the isolated hydroxyl group (μ1) and triply 
bridged OH groups (μ3) on the (100) facet, respectively.8 Meanwhile, Busca has suggested that the band 
at 3766 cm−1 is either associated with or indicates the active sites, and originates from penta-coordinated 
Al3+ cations, or OH groups present in the vicinity of vacant sites, or in the exposed (100)/(110) corners.3 
Although the accurate origin of the band for hydroxyl group observed at 3766 cm−1 should be studied 
further, it is clear that these hydroxyl groups are related to the (100) facet ratio (Figure 2.7b). These 
results are somewhat different to those obtained by Dyan et al. and Busca et al. who have suggested 
that there are no significant changes in the hydroxyl groups of alumina with different morphologies or 
exposed surfaces.3,47 The results of temperature-programmed desorption (TPD) of ethanol, which will 
be discussed later, suggest that the increase in the intensity of 3766 cm−1 and 3660 cm−1 peak with the 
elongation of the (100) facet may be related to the easier desorption as ethylene and increased number 
of active sites. It has already been shown that specific OH groups located on the surface are related to 
the alumina facets. Therefore, the acid-base properties of synthesized alumina are affected by the 
systematically controlled surface facet ratio, as evident by the consistently changing IR spectrum. 
Figure 2.7. (a) DRIFT spectrum of platelet γ-Al2O3 measured for the entire pH range after activation at 
500 °C and (b) relative absorbance ratio of 3766 cm-1 band with respect to 3728 cm-1 band as a function 





The surface characteristics of faceted γ-Al2O3 were also investigated by ethanol TPD (Figure 2.8). 
Previous studies reported by our group have shown the ethanol TPD is a sensitive method that can be 
used to characterize the alumina surface.32,33,48 Desorption profiles showed two peaks, one is observed 
below 150 °C, corresponding to the weakly bound ethanol and the other one (>150 °C) is dissociatively-
adsorbed ethanol, which desorbed as ethylene. Figure 2.8c showed that the maximum desorption 
temperature of dissociative ethanol (Td) showed a systematic decrease from 221.4 °C to 206.8 °C with 
increasing number of (100) facets. On the other hand, the dissociative EtOH sites/nm2 increased from 
1.17 to 1.45 sites/nm2 with increasing ratio of (100) facets (Figure 2.8d). The increase in (100) facet 
ratio led to both easier desorption as ethylene and increased number of active sites. 
Figure 2.8. (a) Ethanol TPD for platelet γ-Al2O3 synthesized at different pH levels and (b) magnified 
views of maximum desorption rates regions. (c) Desorption temperature (at maximum rates of ethylene 




With the increase in this ratio, it was also expected to change the number of penta-coordinated Al3+ 
sites which are formed by the dehydroxylation of isolated hydroxyls on octahedral Al sites of (100) 
facets.8,24 So, we performed solid-state 27Al-NMR shown in Figure 2.9 for more quantitative 
information of (100) facets from the number of penta-coordinated Al sites. All samples showed both 
tetrahedral and octahedral Al3+ sites around ~10 ppm and ~69 ppm chemical shifts. The amount of 
tetrahedral Al3+ sites were around 35% (the percentage of the total number of Al3+ sites), consistent with 
typical γ-Al2O3 spectrum.24,41 Penta-coordinated Al3+ sites at 35 ppm chemical shift were also observed 
for three γ-Al2O3. However, the meaningful difference and quantification of penta-coordinated Al3+ 
sites were difficult due to lack of sensitivity (600 MHz) and low surface area of platelet γ-Al2O3 (Figure 
2.10). 







Figure 2.10. N2 adsorption/desorption isotherms and BET surface areas for platelet γ-Al2O3. The 
isotherm profiles of platelet γ-Al2O3 are close to Type IV. BET surface areas were practically the same 
among platelet γ-Al2O3 synthesized at different pH condition. 
 
Various characterization techniques confirmed a systematic increase in (100) facets on platelet γ-
Al2O3. Next, it is important to investigate the influence of (100) facets on the catalytic activities on γ-
Al2O3. For this purpose, ethanol dehydration was chosen as the model reaction. Ethanol dehydration on 
Al2O3 proceeds via two pathways, with one producing ethylene via intramolecular dehydration and the 
other producing ether via intermolecular dehydration.4 Despite considerable efforts, the nature of the 
active sites for alcohol dehydration on γ-Al2O3 is still unclear.4,12,33,49-56 Figure 2.11a shows the activity 
of faceted γ-Al2O3 for ethanol dehydration reaction at 180 °C and using 2% ethanol. Under these 
reaction conditions, the dominant product was ether (>98%). Interestingly, overall conversion increased 
from 2% to 3.9% with increasing (100) facet ratio. In addition, the ethylene yield almost doubled at the 
maximum but selectivity didn’t show a significant difference (1.8–2 %–Figure 2.11b). We also carried 
out ethanol reaction measurements at 300 oC, where ethylene was the major product. Figure 2.11c 
showed an increase in conversion with increasing (100) facet. Under high temperature reaction 
condition, C2H4 yield clearly increased from 36.5 % to 54.6 % with increasing (100) facet. C2H4 
selectivity also increased from 51.9 % to 70 % (Figure 2.11d). Increased selectivity to ethylene is 




rhombus platelet. Note that rhombus platelet where no apparent (100) facets exist showed catalytic 
activity for ethanol dehydration. Although no apparent (100) facets are shown in rhombus particles, 
(100) facets related to surface roughness on (110)/(111) facets or internal surface of pore might be 
related to catalytic activities for ethanol dehydration. The existence of 3766 cm-1 on rhombus platelet 
also might be related to these facets. 
Figure 2.11. (a) Total conversion and ethylene yield and (b) ethylene selectivity for ethanol dehydration 
as a function of the increased portion of (100) facets at 180 ℃. (c) Total conversion and ethylene yield 
and (d) ethylene selectivity for ethanol dehydration as a function of the increased portion of (100) facets 




The increase in catalytic activity for ethanol dehydration is closely related to the intense hydroxyl 
bands around 3766 cm−1. Srinivasan et al. have demonstrated a correlation between the intensity of the 
band at 3770 cm−1 with the most reactive transition alumina studied by them.57 In this work, the ratio 
of (100) facet was increased by controlling the morphology of γ-Al2O3, which also led to the intense 
band at 3766 cm−1 (Figure 2.7b) and increase in catalytic activity for ethanol dehydration. These results 
clearly demonstrate the catalytic role of (100) facet for ethanol dehydration reaction on γ-Al2O3. It has 
been proposed that (100) facet is the active site of the alcohol dehydration reaction. This was confirmed 
by showing that there is a one-to-one correlation between the number of dissociative ethanol and the 
penta-coordinated Al sites created by dehydroxylation of hydroxyls on (100) facets.25, 33 Recently, 
Larmier et al. have reported based on a combination of experimental and DFT studies that the reaction 
pathways involved in isopropyl alcohol dehydration require the active sites on (100) facets.52 However, 
experimental evidence of facet-dependent activities for ethanol dehydration on Al2O3 was still missing. 
The strong correlation between (100) facet ratio and ethanol dehydration activity given in this work 
provides the direct evidence of the critical role of the (100) facet for ethanol dehydration on γ-Al2O3. 
Here, we can’t exclude the possibility of a catalytic role for defect sites (edge/corner) suggested by 
Busca group.3,12 However, these edges of the corner are also closely related with (100) facets. The edges 
of (100)/(110) also consistently increase with increasing (100) facets on elongated platelet (Figure 2.12). 
In conclusion, (100) facets are closely related to the catalytic activity for ethanol dehydration. 
Figure 2.12. (a) Length of w3 (edge on (100)/(110)) for platelet γ-Al2O3 at selected pH. The inset 
showed the scheme of elongated platelet. (b) Length of w3 for platelet γ-Al2O3 as a function of pH. 50 






We investigated the effect of crystal facets on the catalytic behavior of platelet γ-Al2O3 by X-ray 
diffraction, transmission electron microscopy, temperature-programmed desorption of ethanol, solid-
state 27Al NMR, infrared spectroscopy, and ethanol dehydration reaction. A series of platelet γ-Al2O3 
was synthesized with a systematic increase in (100) facet ratio confirmed by TEM. FT-IR results also 
showed consistent results supporting a systematic change of (100) facets from the linear relationship 
between (100) facet and the intensity of 3766 cm-1 peak. Ethanol dehydration activity measurements 
showed that ethylene formation increased with increasing (100) facets, clearly demonstrating the critical 
role of these facets as active sites for ethanol dehydration on γ-Al2O3. The increased (100) facet ratio 
led to easier desorption as ethylene evidenced by the lower Td for dissociative ethanol sites from the 
ethanol TPD study and increased catalytic activities for ethanol dehydration. These results clearly 
demonstrated the catalytic role of (100) facet for ethanol dehydration on γ-Al2O3. These results 
contribute to the fundamental understanding of crystalline facets on γ-Al2O3 and other industrially 
important catalytic material. 
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3. Acid-base properties of Al2O3: effects of morphology, crystalline phase, 
and additives 
This chapter contains the published result. 
Lee, J.; Jang, E.J.; Kwak, J.H. J. Catal. 2017, 345, 135-148. 
 
3.1. Abstract 
The acid-base properties of Al2O3 with various surface characteristics were studied by XRD, HR-
TEM, ethanol TPD, and ethanol dehydration reaction rate measurements. Ethanol TPD showed that the 
desorption temperature (at a maximum rate of ethylene desorption, Td) of dissociative ethanol was 
significantly dependent on morphology, crystalline phase, and additives. Ethylene formation rates, 
normalized with respect to the amount of dissociative ethanol (quantified by ethanol TPD), exhibited 
an inverse correlation with Td on Al2O3 with various morphologies, crystalline phases, and additives, 
which suggests that Td can be used as a descriptor for acid-base properties of Al2O3, irrespective of 
modification origins. This also indicates that the dissociative ethanol (ethoxide) is the key intermediate 
of ethylene formation during ethanol dehydration on Al2O3. The activities and activation barriers of 
commercial Al2O3 were consistent with our empirical model. This fundamental understanding of the 
acid-base properties of alumina is helpful for the further development of new catalysts with better 
activity and selectivity. 
3.2. Introduction 
γ-Al2O3 is one of the most important heterogeneous catalyst materials and is mainly used as a 
support for catalytically active phases (metal and oxide) owing to its textural properties, such as high 
surface area and thermal stability.1-3 Al2O3-based catalysts have wide applications, ranging from 
petroleum chemistry to automobile emission control. In addition, γ-Al2O3 itself is a well-known acidic 
catalyst for alcohol dehydration reactions.4-12 
The catalytic properties (activity, selectivity, and distribution of active phases on the support) of 
oxides are directly correlated with their surface characteristics since chemical processes mainly occur 
on the surfaces of catalysts.3,5,8,13-23 Therefore, considerable efforts have been devoted to elucidating the 
surface characteristics of Al2O3. Based on the results of infrared (IR) spectroscopy measurements, γ-
Al2O3 is known to have different types of surface hydroxyls: isolated hydroxyls (coordinated by 
tetrahedral or octahedral Al sites) and bridging or triply bridging hydroxyls, although the assignments 




Al2O3 model, showing that surface dehydroxylation depends on both temperature and the exposed facets 
[16, 17]. Moreover, exposure to high temperature leads to the transformation of alumina from the γ- to 
the δ-, θ-, and finally α-phase, resulting in different catalytic properties.1,3,19 Finally, the catalytically 
active phases (Pt, Pd, etc.) supported on γ-Al2O3 affect the catalytic properties of Al2O3-based 
catalysts.21,24,25 
Despite numerous studies, the fundamental understanding of the Al2O3 surface is still limited due 
to the complexity of Al2O3-based catalysts.1-3,16,17,19,26,27 The complexity mainly originates from the 
unresolved structure of γ-Al2O3. The γ-Al2O3 model proposed by Digne and Sautet et al. is the most 
popular, but the vacancies of Al sites are still under debate.16,17,26,27 Also, γ-Al2O3 can be prepared under 
various conditions (different precursors, pH, thermal treatments, and additives),19,28 which leads to the 
modification of Al2O3 surface characteristics and makes the rationalization of specific catalytic 
properties very difficult because characterization of the modified alumina surface (morphology, phase, 
additives, etc.) is complicated. For decades, various physicochemical methods have been used to 
characterize the alumina surface.1,8,14,18,27,29,30 However, the use of well-established techniques, e.g., X-
ray diffraction (XRD), was not straightforward due to the small domain size and low crystallinity.1 
Nuclear magnetic resonance (NMR) spectroscopy provides information on Al site environments 
(tetrahedral, pentahedral, and octahedral).18,20,31-33 However, low sensitivity prevents the complete 
description of Al sites on the alumina surface. Recent studies have reported that the visibility of Al sites 
is still limited because the sensitivities depend significantly on the hydration states of Al sites.33 High-
resolution transmission electron microscopy (HR-TEM) studies have also shown surface reconstruction 
and Al-defect-rich surfaces,27,30 indicating that the elucidation of the alumina surface is difficult. 
Furthermore, it is very difficult to determine the influence of each factor (morphology, crystalline phase, 
additives) on the surface characteristics separately.  
Recently, we reported that ethanol temperature-programmed desorption (TPD) is very sensitive to 
Al2O3 surface properties,22, 34, 35 being able to detect the early initiation of phase transformations on the 
surface of Al2O3, which is not possible for a bulk analysis technique (XRD).22 We have also reported 
that the desorption of dissociative ethanol (mainly as ethylene) was affected by the morphology, phase, 
and additives.23, 35, 36 This indicates that the desorption temperature of dissociative ethanol can be used 
to describe the surface characteristics of Al2O3. Narayanan et al. showed that the desorption temperature 
of isopropanol on the alumina surface (as propene) correlated inversely with the alcohol dehydration 
activity.37 Srinivasan et al. further showed that the effect of Na was more significant for modifying 
catalyst activity than the crystalline phase in alcohol dehydration.38 However, universal correlation of 
desorption temperature with catalytic activity among Al2O3 catalysts with various surface 
characteristics (morphology, crystalline phase, additives) is limited because each modification may 




enable the generalization of the effect of each factor (morphology, crystalline phase, and additives) on 
the surface characteristics of modified Al2O3 catalysts. 
In this study, we correlated the desorption temperature (at a maximum rate of ethylene desorption, 
Td) of dissociative ethanol with the catalytic behavior of Al2O3 surfaces with various modification 
origins (morphologies, phases, and additives) using an acid-catalyzed model reaction (ethanol 
dehydration). For general insight into the effect of each factor on surface modification, we prepared 
Al2O3 with different morphologies (platelet and rod), transition aluminas, and Al2O3 supported by metal 
oxides. Based on a combined ethanol TPD/dehydration study, we could demonstrate that ethylene TOF 
was inversely proportional to the Td of dissociative ethanol independent of the nature of the modification. 
This empirically correlated trend suggests that Td can be used as a descriptor for the acid-base properties 
of Al2O3 with various modification origins. 
3.3. Experimental section 
3.3.1. Materials 
Puralox SBA-200 (Sasol) was used as a reference because it is composed of essentially pure γ-
Al2O3 (with no surface modification by alkali metals (Na2O 20 ppm)) and has been extensively studied 
as a γ-Al2O3 standard.  
We synthesized a series of aluminas with different morphologies (platelet and rod) based on 
previous reports.39 Platelet-hexagon Al2O3 was synthesized by changing the stirring time (19 days). We 
also prepared a series of transition aluminas by exposing γ-Al2O3 to high temperatures. Puralox SBA-
200 samples (1 g) were calcined in air at different temperatures (700, 800, 900, 950, 1000, and 1100 °C) 
for 3 h using a muffle furnace. After calcination, the presence of the crystalline phase was confirmed 
by XRD. Finally, we synthesized a series of metal/metal oxide-modified Al2O3 samples by using an 
incipient wetness method using appropriate nitrate-based precursors. With the same incipient wetness 
method, 1 wt% Pt/SiO2 was prepared on silica gel (Aldrich, technical grade 40). 
We also used commercial aluminas HP-14 (Sasol, Na2O 20 ppm), Siralox 1.5/100 (Sasol, SiO2 1.5% 
and Na2O 20–100 ppm), Strem 13-2525, and Brockmann I acidic (Aldrich, Na2O 4000 ppm and Cl 0.14 
mmol/g). Information on sample composition was provided by the manufacturers. 
3.3.2. Catalyst characterizations 
XRD spectra were recorded on a Bruker D8 Advance A25 instrument using Cu Kα radiation (λ = 




Al2O3 were confirmed by TEM (JEOL JEM-2100). The specific surface area was determined using the 
Brunauer-Emmett-Teller (BET) method using a BELSORP-Max instrument (BEL).  
Ethanol TPD was carried out using the experimental procedures described in our previous report.34 
Prior to TPD experiments, 0.05 g of alumina was calcined at 500 °C for 1 h under 20% O2/He flow (1.0 
mL/s). Afterward, the sample was cooled to room temperature, and ethanol adsorption was carried out 
for 30 min using a 2.0% ethanol/He gas mixture (1.0 mL/s), followed by a 30 min He purge to remove 
weakly bound ethanol molecules. After stabilization of the flame ionization detector (FID) signal of the 
Agilent 7820A gas chromatograph (GC), TPD experiments were carried out under a flow of He (1.0 
mL/s), with a heating rate of 10 °C/min. The reactor outlet was directly connected to the FID (i.e., no 
GC separation was performed). 
We denote the temperature of the maximum rate of ethylene desorption (>150 °C) as Td in this 
study. Td was very sensitive to experimental conditions (pressure drop, reactor, thermocouple contact, 
etc.). To remove experimental errors and simplify data treatment, we used the difference in desorption 
temperature, ΔTd (Td of sample − Td of Puralox SBA-200). Reproducibility tests confirmed that the Td 
error was ±2 °C. 
Ethanol dehydration tests were performed in a quartz flow reactor using 0.01 g samples (60–100 
mesh) supported by quartz wool. When the activity was too low to be detected, 0.05–0.08 g samples 
were used. Samples were kept under a 20% O2/He flow at 500 °C for 1 h. The carrier gas (He) was 
passed through a bubbler containing ethanol (99.5%, Sigma Aldrich) at 24 °C and ambient pressure. 
The concentration of ethanol in the gas mixture (2%) was controlled by the relative He flow rate (total 
flow rate of He was 2.0 mL/s). The outlet gases were analyzed by GC (Agilent 7820A with an HP-
FFAP column and FID). The reaction rates quoted were the initial reaction rates. Since the investigated 
Al2O3 samples mostly showed stable activity profiles, the initial reaction rates were similar to steady-
state reaction rates. However, Pt/Al2O3 was deactivated during the reaction, making it necessary to use 
initial reaction rates. The overall activities for ethanol dehydration were compared at the same reaction 
temperature (180 °C), and apparent activation energies were obtained for a temperature range of 170–
190 °C under differential conditions (less than 10% conversion). The turnover frequency (TOF, 
converted molecules/number of sites·s) was calculated by normalizing the specific reaction rates 
(molecules/nm2·s) to the number of sites where ethanol was dissociatively adsorbed (number of 
sites/nm2), which was quantified from ethanol TPD. 
To characterize the changes in the surface characteristics of alumina after the reaction, ethanol TPD 
was performed after the reaction at 180 °C for the designated times, and the samples were cooled under 




The size of Pt clusters in 1% Pt/Al2O3 (fresh and reacted) was confirmed by high-angle annular 
dark-field scanning transmission electron microscopy (HAADF-STEM) imaging using a JEOL JEM-
2100F microscope operated at 200 kV. Fresh 1% Pt/Al2O3 was calcined at 500 °C for 1 h under 20% 
O2/He flow (flow rate = 1 mL/s). After cooling to room temperature, the samples were kept in a 
desiccator prior to TEM measurements. TEM images of the 1% Pt/Al2O3 catalyst were recorded after 
the ethanol dehydration reaction test was conducted for 90 min at 180 °C. The cluster size distribution 
was obtained by measuring 130 clusters for both samples. 
3.4. Results and Discussion 
In this study, our main goal was to correlate the effect of three factors (morphology, crystalline 
phases, and additives) on the surface characteristics of Al2O3. Puralox SBA-200 (Sasol) was chosen as 
a reference γ-Al2O3. All data were interpreted based on comparison with Puralox SBA-200. 
3.4.1. Morphology effects 
To investigate the influence of morphology on the surface characteristics of Al2O3, aluminas with 
different morphologies were synthesized, based on previous studies.39 XRD analysis confirmed that all 
synthesized aluminas were γ-phase (Figure 3.1a). TEM imaging confirmed the morphological 
differences between the synthesized aluminas (Figure 3.1b). Puralox showed agglomerated 
nanoparticles with irregular shapes. The synthesized platelet Al2O3 had rhombus-shaped particles with 
20–80 nm in size. The main surface of platelet Al2O3 was defined by the (110) plane, and the side surface 
was defined by (111) planes.27 Rod Al2O3 had long rod-shaped particles with lengths of 50–170 nm. 
Rod Al2O3 is known to grow in the (111) direction with exposed (100) facets.39 After prolonged mixing, 
the morphology of platelet alumina changed to a hexagonal shape. Detailed electron diffraction results 
confirmed that the amount of (100) facets increased for hexagonal-shaped particles compared to that 
for the rhombus-shaped ones.28 Although each facet ratio could not be quantified exactly, it is clear that 




Figure 3.1. (a) XRD patterns and (b) TEM images for Puralox SBA-200 and synthesized platelet, 
platelet-hexagon, and rod Al2O3. 
In order to investigate the surface characteristics of γ-Al2O3 with different morphologies, ethanol 
TPD studies were conducted, and two main desorption peaks were observed (Figure 3.2a). Similar to 
our previous studies, the lower-temperature peak (<150 °C) originated from molecularly bound ethanol 
and the high-temperature peak (>150 °C) stemmed mostly from ethylene formed by dissociative 
adsorption of ethanol (ethoxide) and the subsequent dehydration on the alumina surface.34, 35 Here, we 
focused on the desorption temperature (Td) of dissociative ethanol. The reference, Puralox SBA-200, 
exhibited a Td at 223 °C. Platelet Al2O3 had an almost identical Td, but rod Al2O3 exhibited a Td that was 
9 °C lower than that of Puralox SBA-200. Interestingly, platelet-hexagon Al2O3 had a Td that was 4 °C 
lower than that of platelet γ-Al2O3. The order of Td could be summarized as follows: rod < platelet-
hexagon < platelet = Puralox. This order is consistent with results from our previous study (rod < platelet 
= Puralox).35 Ethanol TPD demonstrated that the morphology affects the acidity of the γ-Al2O3 surface. 
It can be summarized that Td decreased with increasing (100) facet exposure. 
In this study, our main goal was to correlate Td with the catalytic behavior of the Al2O3 surface. 
Hence, we correlated Td with ethanol dehydration reaction rates. To obtain this correlation, the TOF was 
normalized with respect to the amount of dissociatively adsorbed ethanol (quantified by ethanol TPD). 
Ethanol dehydration on Al2O3 is known to proceed via two pathways, with one producing ethylene 
through intramolecular dehydration and the other producing ether through intermolecular dehydration. 
Under the reaction conditions used (180 °C, 2% ethanol), ether was the major product (>97%). γ-
aluminas with Td values lower than those of the reference γ-Al2O3 (rod and platelet-hexagon) showed 
higher ethylene formation TOFs (Figure 3.2b). Overall, the TOF of ethylene formation was inversely 
proportional to Td. This inverse proportionality between activity (TOF) and Td was also observed for 




Next, the relationship between the apparent activation energy barrier (Ea) and Td was studied. The 
activation energy barriers for Puralox SBA-200 was 159 kJ/mol for ethylene and 93 kJ/mol for ether 
formation (Figure 3.2d), which are consistent with the results of our previous study.35 For γ-Al2O3 with 
different morphologies, the activation energy barriers for ethylene and ether formation were similar to 
those of the reference γ-Al2O3. In summary, Al2O3 with different morphologies had different surface 
acidity characteristics (ΔTd < 10 °C), but exhibited similar Ea for ethylene and ether formation. This can 
be related to the fact that the Td difference was too small to investigate the change of apparent activation 
barriers, which will be discussed later. 
Figure 3.2. (a) Ethanol TPD for Puralox SBA-200 and the synthesized platelet, platelet-hexagon, and 
rod Al2O3. Ethanol dehydration reaction rates normalized with respect to the amount of dissociative 
ethanol for (b) ethylene and (c) ether, and (d) the apparent activation barriers of ethylene and ether 
formation for Puralox SBA-200 and Al2O3 with different morphologies as a function of ΔTd.  
 
 



















































































3.4.2. Crystalline phase effects 
To investigate the effect of the crystalline phase on the acid-base properties of Al2O3, we prepared 
transition aluminas by exposing the reference γ-Al2O3 (Puralox SBA-200) to high temperatures. XRD 
was used to confirm the crystalline phase of the high-temperature-treated aluminas (Figure 3.3). Up to 
800 °C, no structural change of γ-Al2O3 was observed by XRD. Above 850 °C, a new diffraction peak 
at 2θ = 32.9° appeared, and the (400)/(004) peak (2θ = 46°) began to split into two peaks (45.6° and 
46.6°), indicating the appearance of δ-Al2O3. After calcination at 900 °C, δ-Al2O3 was mainly observed, 
which is consistent with previous reports on δ-Al2O3 (JCPDS No. 47-1770).40 After calcination at 
950 °C, θ-Al2O3 started to appear (peaks at 2θ = 31.8°, 51.1°, and 60.3°). Two θ-Al2O3 peaks at 2θ = 
44.8° and 47.8° were clearly resolved for Al2O3 calcined at 1000 °C, indicating the formation of θ-
Al2O3.29, 40 Although θ-Al2O3 was mainly observed, small peaks were detected at 2θ = 25.7°, 43.4°, and 
57.6°, characteristic of α-Al2O3 (JCPDS No. 010-0173). After calcination at 1100 °C, α-Al2O3 was the 
dominant phase, although some of the θ-Al2O3 remained. The BET surface area (12 m2/g) of the above 
sample was slightly larger than that of pure α-Al2O3 (usually <5 m2/g) owing to the residual θ-Al2O3. It 
is noteworthy that transitional Al2O3 consists of mixed phases since phase transformation is a 
continuous process.1 
Figure 3.3. XRD patterns of Puralox SBA-200 and transition Al2O3. Numbers denote the calcination 
temperature. 
 
































Ethanol TPD profiles collected for transition aluminas (δ-Al2O3, θ-Al2O3, and α-Al2O3) are 
displayed in Figure 3.4a. The Td increased with increasing calcination temperature above 750 °C. 
Considering that no structural change was observed by XRD up to 800 °C, the early initiation of the Td 
change indicates that the Al2O3 surface is influenced prior to bulk alumina, which is consistent with our 
previous report.22 XRD analysis of transition alumina revealed that γ-Al2O3 was transformed into δ-
Al2O3 at 900 °C, θ-Al2O3 at 1000 °C, and finally α-Al2O3 at 1100 °C. In ethanol TPD, the Td value for 
γ-Al2O3 was 221.8 °C. When γ-Al2O3 phase-transformed into other transition aluminas, Td increased by 
21 °C for δ-Al2O3, 48 °C for θ-Al2O3, and 74 °C for α-Al2O3 respectively. Obviously, these phase 
transformations resulted in less-acidic surfaces compared to that of γ-Al2O3. 
In transition Al2O3, the range of Td differences was much larger (ΔTd = 74 °C) than that in γ-Al2O3 
with different morphologies (ΔTd < 10 °C). The TOF of ethylene formation and ether showed inverse 
proportionality to ΔTd (Figure 3.4b and 3.4c), consistent with the results for γ-Al2O3 with different 
morphologies. In our previous report, we showed that the amount of dissociative ethanol decreased with 
increasing calcination temperature.35 The results presented in this work confirmed that ethanol 
dehydration activity also decreased with increasing calcination temperature, consistent with the 
decreased amount of dissociative ethanol. On the other hand, the apparent activation energy barriers for 
ethylene and ether formation showed clearly different ΔTd dependences (Figure 3.4d). The Ea of 
ethylene formation decreased from 159 to 129 kJ/mol with increasing calcination temperature. However, 
the Ea of diethyl ether formation did not change much (93–104 kJ/mol). These results suggest that the 




Figure 3.4. (a) Ethanol TPD, normalized ethanol dehydration reaction rates (with respect to the amount 
of dissociative ethanol) for (b) ethylene and (c) ether, and (d) the apparent activation barriers for 
ethylene and ether formation for Puralox SBA-200 and transition Al2O3 as a function of ΔTd.  
3.4.3. Effects of additives 
In our previous report, we showed a linear relationship between the desorption temperature of 
dissociatively adsorbed ethanol and the metal electronegativity of the metal-oxide-modified γ-Al2O3.23 
Based on these results, we performed ethanol dehydration reactions on a series of γ-Al2O3 modified 
with metal oxides to clarify the effect of metal oxides on catalytic activity.  
The ethanol TPD profile shown in Figure 3.5a demonstrates that the Td of modified γ-Al2O3 























































































changed linearly with the electronegativity of additive oxides. Modification with Pt made the surface 
more acidic (lower Td), but various alkali metals and metal oxides (La, Zn, Ba, and Na) made it more 
basic (higher Td) compared to Puralox SBA-200. It is notable that alkali metals significantly altered the 
surface of γ-Al2O3. A Na level of only 1000 ppm increased the Td by 42 °C, and 1500 ppm of Na 
increased it by 72 °C. These findings are consistent with those reported by Srinivasan et al., who showed 
that 400 ppm of Na in γ-Al2O3 increased the propylene desorption temperature by 50 °C in isopropanol 
TPD.38 
Ethanol dehydration tests for a series of modified γ-Al2O3 (Figure 3.5b) showed that the ethylene 
formation rate was inversely proportional to ΔTd in a wide temperature range (−35 to 72 °C). Although 
1% Pt/γ-Al2O3 (lowest Td) exhibited similar ether formation activity to Puralox SBA-200 (Figure 3.5c), 
its ethylene formation TOF exceeded that of the reference γ-Al2O3 by five times. We confirmed that 1% 
Pt/SiO2, which has no acidic sites on the support, showed practically no activity in the ethanol 
dehydration reaction, indicating that the contribution from Pt metal only was negligible. The 0.15% 
Na/γ-Al2O3 sample (highest Td) showed 30 times less activity for both ethylene and ether formation. 
Similarly, Srinivasan et al. showed that the addition of only 400 ppm of Na to commercial γ-Al2O3 
decreased the isopropanol dehydration activity by 75%.38 In the case of ether, the activity also decreased 
with increasing Td (Figure 3.5c). This trend indicates that surface modification by additives 
significantly affected the catalytic behavior of γ-Al2O3. Interestingly, a volcano-type plot was observed 
between the activation barrier for ethylene and ΔTd, as shown in Figure 3.5d. When γ-Al2O3 was made 
more acidic (lower Td), the Ea value decreased and reached its minimum (87 kJ/mol) at the lowest Td 
(35 °C lower than that of γ-Al2O3). Similarly, when Al2O3 was made more basic (higher Td), Ea also 
decreased. At the highest Td (72 °C higher than that of γ-Al2O3), the Ea of ethylene formation was 113 
kJ/mol. Interestingly, the maximum Ea of ethylene formation was 159 kJ/mol for pure γ-Al2O3. However, 
the activation barrier for ether formation was independent of Td (84–103 kJ/mol). It is of interest that 
the additives affected the activation barriers of ethylene and ether formation in different ways, which 




Figure 3.5. (a) Ethanol TPD, normalized ethanol dehydration reaction rates (with respect to the amount 
of dissociative ethanol) for (b) ethylene and (c) ether, and (d) the apparent activation barriers for 
ethylene and ether formation for Puralox SBA-200 and Al2O3 modified by additives as a function of 
ΔTd. 
Although 1% Pt/γ-Al2O3 exhibited a significantly higher ethylene formation TOF than pure γ-
Al2O3 (Puralox SBA-200), a competing side reaction (dehydrogenation) produced significant amounts 
of acetaldehyde. On the other hand, the observed ether formation TOF was slightly lower than that of 
γ-Al2O3. After a 90 min reaction, the production of ethylene decreased by almost 40%, as shown in 
Figure 3.6. The production of acetaldehyde also decreased by almost 50%. However, the production of 
diethyl ether did not change much. After 7 h, the TOF of ethylene formation decreased by half, but that 




































































the number of dissociative ethanol sites continuously changed due to catalyst deactivation. Notably, a 
series of γ-Al2O3 with different morphologies and transition Al2O3 did not show any deactivation during 
the reaction. Here, the stability of modified γ-Al2O3 during ethanol dehydration is important.  
Figure 3.6. (a) Time-on-stream ethanol reaction profiles and (b) selectivity of 1% Pt/Al2O3. 
In order to characterize the changes of surface characteristics of the modified γ-Al2O3 after the 
reaction, we performed ethanol TPD after the reaction at 180 °C. After 7 h of reaction, the Td of Puralox 
SBA-200 was practically unchanged (shown in Figure 3.7a), even though the alumina surface was 
exposed to water produced by ethanol dehydration. The unchanged Td after long-term exposure to water 
(7 h) indicates that the Lewis acidic sites (initially calcined at 500 °C for 2 h) were still present on the 
surface. This is consistent with our previous studies, which showed that the ethanol dehydration activity 
of two γ-Al2O3 samples calcined at 500 and 200 °C remained constant for 90 min with different 
conversions.34 Here, the γ-Al2O3 surface was stable for 7 h, which constitutes a much longer reaction 
period compared to that in the previous study. In addition, detailed IR spectroscopy measurements also 
supported the suggestion that exposure to water did not reconvert Lewis acidic sites to Brønsted acidic 
sites, suggesting that rehydroxylation of the dehydroxylated γ-Al2O3 surface is not a simple process 
caused by exposure to water.41 
On the other hand, 1% Pt/γ-Al2O3 showed a different TPD profile after the reaction (Figure 3.7b), 
showing a Td increase of 16 °C, consistent with the deactivation of ethylene formation during ethanol 
dehydration. We checked whether the change of surface characteristics after the reaction would also be 
observed for other modified γ-Al2O3. Interestingly, 1% BaO showed a similar TPD profile and an almost 
identical Td after the reaction, as shown in Figure 3.7c. We note here that modification with 1% BaO 





























































































































next point to be addressed is the categorization of the Td shift after the reaction into two groups: those 
of modified γ-Al2O3 with more acidic (lower Td) and more basic surfaces (higher Td) than pure γ-Al2O3. 
To confirm the above hypothesis, a series of ethanol TPD measurements were carried out after the 
reaction. The results summarized in Table 3.1 revealed that the Td shifts showed clearly different trends 
for these two groups of modified γ-Al2O3 (acidic vs. basic) in a wide ΔTd range (from −35 to 72 °C). 
The modified γ-Al2O3 with a basic surface (higher Td) showed almost identical Td values before and 
after the reaction. In contrast, the modified γ-Al2O3 with an acidic surface (lower Td) showed an 
increased Td after the reaction test. 
Figure 3.7. Ethanol TPD for (a) Puralox SBA-200, (b) 1% Pt/Al2O3, and (c) 1% BaO/Al2O3 before and 
after the reaction. 
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Fresh After reaction* ΔT d
1% Pt 188 204 16
0.5% Pt 207 217 10
γ-Al2O3 (Puralox SBA-200) 219 220 1
1% Sn 229 227 -2
1% BaO 262 262 0




Table 3.1. Desorption temperatures of maximum rates of dissociative ethanol desorption for Puralox 
SBA-200 and Al2O3 modified by additives. ΔTd is the difference between Td values of fresh and post-
reaction samples. *The reaction time for post-reaction samples is 1.5 h except for Puralox SBA-200 (7 
h). 
Intuitively, we expected that the observed Td shift would originate from the sintering of metals on 
the γ-Al2O3 surface during the reaction, since metals are known to be easily sintered in a humid 
atmosphere.42 To confirm this hypothesis, HAADF-STEM images were obtained for fresh and reacted 
1% Pt/γ-Al2O3 and are shown in Figure 3.8a and 3.8b. The particle size distribution clearly showed 
that the Pt cluster size increased from ~1 nm (fresh catalyst) to ~1.5 nm (catalyst after 90 min reaction), 
as shown in Figure 3.8c. During ethanol dehydration, the produced water induces the sintering of Pt on 
γ-Al2O3 surfaces; thus, the electronic properties of γ-Al2O3 are less affected by supported Pt. We also 
note here that ethanol TPD could sensitively detect Pt sintering based on the corresponding Td shift 
(16 °C).  
Figure 3.8. HAADF-STEM images for (a) fresh and (b) 1.5 h post-reaction 1% Pt/Al2O3 (Puralox SBA-




3.4.4. Overall correlations between Td of dissociative ethanol and ethanol dehydration behavior 
In this study, we attempted to generalize the ethanol dehydration behavior of Al2O3 based on three 
surface characteristics (morphology, crystalline phase, and additives), combining all data obtained for 
these three variables. Again, we note here that each Td of dissociative ethanol was normalized with 
respect to the reference (Puralox SBA-200) value. The specific activity was normalized based on the 
amount of dissociative ethanol.  
Overall, ethylene formation TOF showed a negative correlation with Td (Figure 3.9a). The inverse 
relationship between Td and alcohol dehydration activity was reported previously. Srinivasan et al. 
showed that propylene formation activity correlated inversely with the Td of propylene for a series of 
commercial and Na-modified γ-Al2O3.38 Golay et al. also showed that ethanol dehydration activity 
decreased as the alumina basicity was increased using Mg2+.43 Recently, Zotov et al. studied Cl-, SO4-, 
and Na-modified aluminas using electron paramagnetic resonance (EPR) spectroscopy using spin 
probes.44 When the alumina surface was made more acidic (Cl, SO4), the ethylene formation rates 
increased. The authors also found a good correlation between the number of weak electron acceptor 
sites and ethylene formation rates. Still, the universal correlation among Al2O3 catalysts with various 
modification origins was limited. 
In this work, we demonstrate that ethylene formation rates, normalized with respect to the amount 
of dissociative ethanol, showed the inverse correlation with Td, even though the origins of surface 
characteristics were completely different (morphology, phase, and additives). The empirically observed 
trend suggests that the acid-base properties of Al2O3 are independent of modification origin. Specifically, 
the generalized trend for transition Al2O3 is consistent with the work of Hu et al., who suggested that 
Lewis acidic Al3+ cations (penta-coordinated) are the active sites for ethanol dehydration, independent 
of the phase.36 Herein, we point out that the Td of dissociatively adsorbed ethanol can be used as a 
descriptor for the overall acid-base properties of the alumina surface irrespective of the modification 
origin. 
In the case of ether formation, the TOF showed an overall decrease with increasing Td (Figure 
3.9b). However, Pt-modified γ-Al2O3 showed a much lower TOF than alumina with different 
morphologies. This observation could be attributed to the decreased ether selectivity of Pt-modified γ-
Al2O3 (90–96%) compared to those of other aluminas (>97%). When Al2O3 was made more acidic 
(lower Td), the ethoxide species were more easily desorbed at a lower temperature than in the case of 
pure γ-Al2O3, leading to enhanced ethylene formation (less ether formation). These results are consistent 
with the study of Golay et al. The authors studied a series of Mg-modified aluminas and suggested that 





Interestingly, the dependence of the apparent activation barrier on Td showed clearly different 
trends for ethylene and ether formation. The apparent activation barrier of ethylene formation showed 
a volcano-type dependence on Td (Figure 3.9c). The Ea of ethylene formation seemed to be more 
significantly affected by the crystalline phase and additives than by the morphology. Samples with 
similar Td values showed similar Ea of ethylene formation, regardless of how the alumina was modified 
(i.e., different crystalline phases or additives). On the other hand, the activation barrier of ether 
formation was almost identical for all of the investigated catalysts in a wide range of Td values (Figure 
3.9d). It has been argued that ethylene and ether may be formed at different active sites. 6,11,45-47 In situ 
titration studies showed that phenol molecules increased ethylene formation rates, but decreased the 
ether formation rates.45 However, pyridine titration decreased both olefin and ether formation rates; 
olefin formation was more inhibited than ether formation.11, 45, 47 The different dependences of Ea on Td 
observed for ethylene and ether formation in this work potentially support these arguments. 
Figure 3.9. Normalized ethanol dehydration reaction rates (with respect to the amount of dissociative 
ethanol) for (a) ethylene and (b) ether, and apparent activation barriers for (c) ethylene and (d) ether 
formation on Al2O3 with different morphologies, transition Al2O3, and Al2O3 modified by additives as a 




It is notable that the measured Ea in this study is the apparent activation barrier, which depends on 
both the heat of ethanol adsorption and the intrinsic dehydration barrier (Eapp = Es + ΔH). Narayanan et 
al. suggested that the activation barrier of isopropanol dehydration varied because the adsorption barrier 
of defect sites depends on the structure of alumina.37 Future theoretical research will provide further 
insights for the fundamental understanding of changes in the Ea of ethylene formation.  
Although molecularly adsorbed ethanol was still observed by mass spectrometry at the temperature 
of ethylene desorption in some studies,48, 49 we removed weakly bound ethanol by He purging during 
ethanol TPD, and most of the residual molecularly adsorbed ethanol was expected to desorb before the 
onset of ethylene desorption. Thus, high-temperature desorption (>150 °C) might be due to the 
dissociatively adsorbed ethanol (ethoxide) on the alumina surface. Higher Td values indicate that the 
surface ethoxide is strongly bound, being hard to desorb as ethylene, thus leading to decreased ethylene 
formation. Based on the correlation between Td and ethylene formation rates, we can conclude that 
ethylene formation is directly related to the presence of ethoxide species on alumina surfaces. However, 
the ether formation rate was less correlated with the ethoxide, which might be related to the more 
complex nature of intermolecular dehydration. Recently, the Busca group reported that ethoxide was a 
key intermediate in the formation of both ethylene and ether, based on Fourier transform infrared (FT-
IR) spectroscopy and reaction studies, which is consistent with our present work.8 
Numerous studies have been devoted to modifying aluminas for better catalytic performance.50-55 
Alkali metals or metal oxides have been supported on Al2O3, leading to modified acidity or improved 
thermal stability. However, defining and comparing the modified surface characteristics is difficult. Our 
empirically correlated model provides a fundamental basis for understanding the surface characteristics 
of various alumina catalysts from the viewpoint of their acid-base properties, being a guideline for 
designing better catalysts.  
3.4.5. Commercial Al2O3 
To utilize the results of combined ethanol TPD/dehydration activity relationships for characterizing 
the surface properties of Al2O3, we tested a series of commercial aluminas: Puralox SBA-200, HP-14, 
Strem, Siralox 1.5, and Brockmann I acidic.  
Commercial Al2O3 is composed of various alumina phases, as shown in Figure 3.10a. Puralox 
SBA-200 and HP-14 were composed of γ-Al2O3, while Strem Al2O3 showed mixed γ- and δ-Al2O3 
phases. Siralox 1.5 was close to θ-Al2O3, with residual δ-Al2O3, and its surface was modified by 1.5% 
Si. Brockmann I acidic seemed similar to γ-Al2O3, but showed different diffraction patterns of the 
(400)/(004) peaks (2θ = 45.7° and 46.7°), indicating a different phase from that of γ-Al2O3. Commercial 




Puralox SBA-200 consisted of agglomerated nanoparticles with irregular shapes (Figure 3.1b). HP-14 
showed a rod-like particle shape. The Strem and Siralox samples had rectangular particle shapes with 
two-dimensional morphologies. Brockmann I was composed of agglomerated particles with circular 
shapes. In summary, commercial Al2O3 showed various phases, morphologies, and additives. 
Figure 3.10. (a) XRD patterns and (b) TEM images for commercial Al2O3.  
 
The acid-base properties and the amount of dissociatively adsorbed ethanol were determined using 
ethanol TPD (Figure 3.11a). The Td order was as follows: HP-14 < Puralox < Strem < Siralox 1.5 < 
Brockmann I. The desorption area in ethanol TPD depended on the surface areas of the alumina samples. 
However, Siralox 1.5 exhibited an unusually small desorption area compared to Puralox SBA-200, 
although the BET surface area of Siralox 1.5 was half that of Puralox SBA-200. The low desorption 
area could be explained by the presence of doped Si atoms on the Al2O3 surface, which block the 
adsorption sites.  
Ethanol dehydration rates measured on these commercial aluminas showed that the TOF for both 
ethylene and ether showed inverse trends with respect to Td (Figure 3.11b and 3.11c). The activation 
energy barriers also showed a similar trend to the previously observed trend (Figure 3.11d). Siralox 1.5 
and Brockmann I showed Ea values of ethylene formation 30–40 kJ/mol lower than those of the other 




Figure 3.11. (a) Ethanol TPD, normalized ethanol dehydration reaction rates (with respect to the 
amount of dissociative ethanol) for (b) ethylene and (c) ether, and (d) apparent activation barriers for 
ethylene and ether formation on commercial Al2O3 as a function of ΔTd.  
For comparison of commercial aluminas with reference alumina (Puralox SBA-200), well-defined 
morphologies, crystalline phases, and additives, we plotted the data collected for commercial aluminas 
in Figure 3.9. As seen in Figure 3.12, the ethylene and ether formation rates and activation barriers 
were completely consistent. These results clearly demonstrated that the acid-base properties of alumina 
surfaces can be characterized and generalized, despite their drastically different morphologies, 
crystalline phases, and various additives. This fundamental understanding of the catalytic properties of 
alumina surfaces is very helpful for the further development of new catalysts with better activity and 
selectivity. 
 

























































































Figure 3.12. (a) Normalized ethanol dehydration reaction rates (with respect to the amount of 
dissociative ethanol) for ethylene, and the apparent activation barriers for (b) ethylene and (c) ether 
formation on Al2O3 with different morphologies, transition Al2O3, Al2O3 modified by additives, and 
commercial Al2O3 as a function of ΔTd.  
3.5. Conclusion 
In this study, we investigated the surface characteristics of various aluminas with different 
(morphologies, crystalline phases, and additives) by XRD, HR-TEM, ethanol TPD, and ethanol 
dehydration reaction rate measurements. The desorption temperature (Td) of dissociative ethanol, which 
depends on the morphology, crystalline phase, and additives, changed from 188 °C to 299 °C. The 




























































The ethanol dehydration rates, normalized with respect to the amount of dissociative ethanol 
quantified from ethanol TPD, of various modified Al2O3 catalysts also changed significantly. The TOF 
of ethylene formation varied from 9.5 × 10−6 to 1.7 × 10−3 C2H4/site‧s. Ethylene formation rates showed 
an inverse correlation with Td even though the origin of surface characteristics was completely different 
(morphology, phase, and additives). This suggests that Td can be used as a descriptor for the acid-base 
properties of alumina irrespective of modification origin. Additionally, it suggests that ethoxide is a key 
intermediate in ethanol dehydration on alumina. The TOF of diethyl ether formation showed a similar 
trend, but Al2O3 modified with Pt exhibited a lower ether formation rate than pure γ-Al2O3. 
The apparent activation barrier for ethylene formation showed a volcano-type relationship with Td 
where the maximum Ea was observed on pure γ-Al2O3 (159–165 kJ/mol). However, ether showed 
similar apparent activation barrier (84–106 kJ/mol for all modified Al2O3), suggesting potentially 
different active sites for ethylene and ether formation. Finally, the activities and activation barriers of 
commercial Al2O3 were consistent with our empirically correlated model. This fundamental 
understanding of the acid-base properties of alumina is helpful for the further development of new 
catalysts with better activity and selectivity. 
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4. Effect of number and properties of specific sites on alumina surfaces for 
Pt-Al2O3 catalysts 
This chapter contains the published result. 
Lee, J.; Jang, E.J.; Jeong, H.Y.; Kwak, J.H. Appl. Catal., A 2019, 569, 8-19. 
4.1. Abstract 
In this work, how the number and properties of specific sites on alumina surfaces affect the specific 
interaction between Pt and alumina was investigated by using X-ray diffraction, ethanol temperature 
programmed desorption, diffuse reflectance infrared Fourier transform spectroscopy, H2 chemisorption, 
scanning transmission electron microscopy and benzene hydrogenation reaction. Here, we chose two 
sets of model alumina having different number of sites with the identical properties and different 
properties of sites with the same number based on ethanol TPD. The H2 chemisorption results for the 
model aluminas show that H/Pt are all similar for low Pt loadings, but significantly different for high 
Pt loadings. For 1 wt% Pt/Al2O3, the number of specific sites on all the aluminas was sufficient to 
disperse all the Pt, leading to only highly dispersed Pt clusters (~ 1 nm). However, at 10 wt% Pt/Al2O3, 
the number of Pt atoms is greater than that of the specific sites on the alumina surface, resulting in a 
bimodal distribution of large agglomerated Pt (> 10 nm) and highly dispersed Pt clusters (< 3 nm) 
revealed by XRD and TEM. Overall, the results clearly demonstrated that Pt shows higher dispersion 
with increasing the number of sites and interaction strength because the Pt atoms can interact with 
specific sites on alumina in greater numbers and more strongly. However, these Pt dispersion changes 
do not represent the gradual change in Pt cluster sizes, but the relative population change of small (< 3 
nm) and large agglomerated Pt clusters (>10 nm). The number of large agglomerated Pt clusters 
decreased with increasing the number of sites and interaction strength. This fundamental understanding 
provides an important perspective for designing Al2O3-based supported catalysts. 
4.2. Introduction 
Pt/Al2O3 is one of the most important supported heterogeneous catalysts utilized in industries such 
as automobile exhaust combustion and petroleum refineries.1-3 Catalytically, Pt/Al2O3 is mainly 
involved in oxidation, dehydrogenation-hydrogenation, and reforming processes.1-4 Owing to its 
versatile catalytic applications in the real world, the Al2O3-supported Pt catalyst has been of practical 
and fundamental interest for decades. 
The catalytic properties of Pt/Al2O3 are affected by various parameters—size, morphology, 




and, ultimately, the surface properties of alumina.5-10 Therefore, numerous studies have been carried out 
to understand how the structural, textural, and physicochemical properties of alumina influence the 
supported Pt.6,10-14 The various crystalline phases of alumina were investigated by Park et al. and they 
reported that Pt dispersion was affected more by crystalline structure than the surface area of alumina.11 
Mironenko et al. showed that hydrothermal treatment of alumina increased the number of bridging OH 
groups, leading to weaker interaction with H2PtCl6 (outer-sphere complex) and lower reduction 
temperature.10 It indicates that the alumina surface hydroxyl groups affect their interaction with 
platinum. The properties of these surface hydroxyls are known to be closely related to the activation 
temperature and crystal facets, as the study of Digne et al. reported.15, 16 Various effects of crystalline 
facets have been studied by both experimental and computational methods. Kwak et al. reported that Pt 
is anchored on penta-coordinated Al3+ sites on (100) facets by using solid-state nuclear magnetic 
resonance spectroscopy, scanning transmission electron microscopy, and density functional theory 
calculation.14 Subsequently, Hu et al. reported that Pt13 clusters favor the formation of two-dimensional 
(2D) rafts on dehydrated (100) surfaces, but 3D morphologies on hydroxylated (110) surfaces as 
revealed by DFT calculations.6 Furthermore, Agnes et al. showed experimental evidence for the 2D-3D 
morphologies of Pt clusters on (100) and (110) surfaces, and further morphological changes to hydrogen 
coverage by combining experimental XANES studies and DFT simulations.12 Despite intensive 
research efforts to understand the effect of alumina on Pt-Al2O3 interaction, there are still issues to be 
resolved, because the structural, textural, and physicochemical properties of alumina are closely 
interrelated.17-19  
In order to distinguish how each parameter of alumina contributes to the Pt-Al2O3 interaction, 
systematic approaches must involve well-defined model alumina with the sensitive and quantitative 
characterization of alumina surface properties.19-23 Recently, we have reported that ethanol temperature 
programmed desorption (TPD) can sensitively characterize the number and properties of specific sites 
on various kinds of alumina with different morphologies, crystalline phase, and additives.24 
In this work, we investigated how the number and properties of specific sites on an alumina surface 
affect its interaction with Pt. In this regard, we chose two sets of model alumina having different number 
of sites with the identical properties and different properties of sites with the same number based on 
ethanol TPD. After loading Pt onto these model aluminas, the Pt dispersion was analyzed by H2 
chemisorption, XRD, and STEM. The results clearly demonstrated that Pt shows higher dispersion with 
increasing number of sites and interaction strength. This fundamental understanding provides an 
important perspective for designing Al2O3-based supported catalysts. 
4.3. Experimental section 




We chose four types of model aluminas. Three aluminas were supplied from Sasol company, 
Puralox TH 100/150, TH 200/110, and TH 500/80, and labeled as T150, T110, and T80, respectively. 
We calcined T150 aluminas at 1000 °C for 3 h and labeled it T1000.  
0.5–10 wt% Pt/Al2O3 were prepared by conventional incipient wetness impregnation with 
Pt(NH3)4(NO3)2 in water and dried at 120 °C overnight. Note that we used Pt(NH3)4(NO3)2 as the Pt 
precursor in order to remove any additional Cl effect.25,26 All the samples were calcined at 500 °C for 2 
h using 20% O2/He (1 ml/s) then reduced at 500 °C for 1 h under 10% H2/He flow (1 ml/s). 
4.3.2. Catalyst characterizations 
The XRD patterns were obtained on a Bruker D2 phaser diffractometer using Cu Kα radiation (λ 
= 1.54 Å) in the step mode between 2θ values of 5 and 80°, with a step size of 0.02 °/s. The tube voltage 
and current were 30 kV and 10 mA, respectively. The morphologies of Al2O3 were confirmed by TEM 
(JEOL JEM-2100). The specific surface areas were determined by the Brunauer-Emmett-Teller method 
using BELSORP-Max instrument.  
Ethanol TPD was carried out using the same experimental procedures as described in our previous 
report.22, 24, 27, 28 50 mg of alumina was calcined at 500 °C for 1 h under 20% O2/He flow (1.0 ml/s). 
After calcination, the sample was cooled to room temperature and ethanol adsorption was carried out 
for 30 min using a 2.0 % ethanol/He gas mixture (1.0 ml/s), followed by He purging for 30 min to 
remove weakly-bound ethanol molecules. After stabilization of the flame ionization detector (FID) 
signal of an Agilent 7820A gas chromatograph (GC), a TPD experiment was carried out in flowing He 
(1.0 ml/s) at the heating rate of 10 °C/min, and the reactor outlet was directly connected to the FID (i.e., 
no GC column separation). 
Diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) experiments were carried 
out on a Nicolet iS50 FTIR spectrometer equipped with a mercury cadmium telluride (MCT) detector 
to investigate the hydroxyl groups and the relative ratio of Lewis and Brønsted acid sites on alumina 
surface. 14 mg of Al2O3 were loaded into high temperature reaction chamber (Harrick Scientific) with 
ZnSe windows installed in a Praying Mantis diffusion reflection accessory. All the samples were 
pretreated using 20 % O2/He (flow rate = 1 ml/s) at 380 °C (this temperature was calibrated and also 
the maximum temperature achievable using the current DRIFTS accessory). The FT-IR spectra of the 
hydroxyl groups were collected at RT with KBr background. Also, in order to observe the acid-base 
properties on the alumina surface, pyridine adsorption was performed with 1 % pyridine/He flow at 
100 °C until the sample was saturated with pyridine. The spectrum was obtained after He purging at the 
same temperature for 1 h to remove the weakly bound pyridine on the alumina surface by using the 
spectrum of the pretreated-sample itself under He flow at 100 °C as the background. All the spectra 




Hydrogen (H2) chemisorption was performed on Belcat-B(BEL Japan, Inc.). 50 mg of a sample 
was calcined at 500 °C for 2 h under 20% O2/He (1.0 ml/s) and, subsequently, reduced at 500 °C for 1 
h under 10% H2/He (1.0 ml/s). After purging for 30 min under He (1.0 ml/s), Pt/Al2O3 was cooled to 
40 °C and chemisorption was carried out by repeated pulse (0.319 ml loop–4% or 10% H2/Ar). Metal 
dispersion was calculated based on the stoichiometry of H/Pt = 1. The average diameter of platinum 
was estimated by the formula of 1.1/(H/Pt).29 For the reduced samples, high-angle annular dark-field 
scanning transmission electron microscopy (HAADF-STEM) images were obtained using a JEOL 
2100F (JEOL) operated at 200 kV. The particle size distributions were obtained by measuring 400–500 
clusters. 
4.3.3. Catalyst reaction tests: Benzene hydrogenation 
Benzene hydrogenation was performed in a quartz flow reactor using selected Pt/Al2O3 samples 
supported by quartz wool. The samples were calcined at 500 °C for 2 h under 20% O2/He (1.0 ml/s) 
and then, reduced at 500 °C for 1 h under 10% H2/He (1.0 ml/s). After purging for 30 min under He 
(1.0 ml/s), Pt/Al2O3 were cooled to RT and ramped to 80 °C under H2/He and stabilized before injection 
of C6H6 using a syringe pump. The outlet gases were analyzed by a GC (Agilent 7820A) with a HP-
PLOT Al2O3 S column and FID. The reaction was carried out under 2% C6H6 and 10% H2 under the 
total flow rate of 1 ml/s with He balance. During the measurements, catalyst deactivation was observed, 
so the catalytic activities were compared based on the initial rates by linear extrapolation. The rate 
measurements were recorded in the absence of diffusion control or thermal gradients by using the 
Madon–Boudart criterion as described in Figure 4.1.30 The maximum benzene conversion obtained in 
this work was 13%.  
We tested benzene hydrogenation at different temperature and different amounts of samples with two 
samples (0.5 and 1wt% Pt/Al2O3) with the similar dispersion but the different loading (H/Pt = 0.94 for 
0.5Pt/Al2O3 and 0.86 for 1Pt/Al2O3). Based on Madon-Boudart criterion, when the intrinsic activity was 
plotted with the total available Pt sites, the slope should be close to 1 in order to confirm that the reaction 
condition is free from heat and mass-transfer limitation. Figure 4.1a showed that when the reaction was 
carried out at 100 oC with 10 mg amount, the slope is largely deviated from 1, indicating the reaction 
condition got affected by transfer limitation. But, when using samples 6 mg as shown in Figure 4.1b, 






Figure 4.1. Madon-Boudart criterion for benzene hydrogenation under 2% C6H6 and 10% H2 for (a) 0.5 
wt% Pt and 1 wt% Pt/Al2O3 at 100 ℃ with 10 mg samples and (b) 80 ℃ and 100 ℃ with 6 mg samples 
after calcination and reduction at 500 ℃. H/Pt values for 0.5 wt% Pt/Al2O3 and 1 wt% Pt/Al2O3 were 
0.94 and 0.86 after calcination and reduction at 500 ℃, respectively. 
 
4.4. Results and discussion 
In order to investigate the effect of the number and properties of specific sites on an alumina 
surface for Pt-Al2O3 interaction, we chose two sets of model aluminas having different number of sites 
with the identical properties and different properties but with the same number of sites. Recently, we 
studied the acid-base properties of alumina with various surface characteristics by ethanol TPD and 
reported that the desorption temperature of dissociative ethanol (at the maximum rate of ethylene 
desorption, Td) can be used as a descriptor for the acid-base properties of alumina.19, 24, 28 The number 
of sites on an Al2O3 surface can be determined by the amount of dissociative ethanol desorbed, and the 
properties of the sites by the desorption temperature (Td) from ethanol TPD. With the aid of ethanol 
TPD, we chose the model aluminas T150, T110, T80 (supplied from Sasol), and T1000 (obtained by 








4.4.1. Number of sites 
 The XRD diffraction pattern in Figure 4.2a showed that T150, T110, and T80 all exhibited the same 
bulk structure as γ-Al2O3 (JCPDS no. 10-425). The (222) peak at 2θ = 39.9° and (400)/(004) peaks at 
2θ = 45.7–46.7° were sharper for T80 than for T150, indicating bigger crystallites for T80 compared to 
T150. The BET surface areas of the three aluminas (Table 4.1) followed the order T150 > T110 > T80 
(T150: 143 m2/g, T110: 95 m2/g, and T80: 79 m2/g). The N2 adsorption/desorption profiles shown in 
Figure 4.2b revealed very small amounts of microporosity and mesopores, and showed the H3-type 
hysteresis which originated from the slit-like pores of aggregated platelet particles.31 All the aluminas 
had hexagonal platelet morphologies which confirmed by TEM (Figure 4.3). The only difference was 
in their particle size. The particle size was the smallest for T150, the intermediate for T80, and the 
biggest for T80, which was consistent with the results of XRD and BET surface areas. 
Figure 4.2. (a) XRD patterns and (b) N2 adsorption/desorption profiles for T150, T110, and T80. 
Table 4.1. BET surface area of T150, T110, T80, and T1000. 









Figure 4.3. TEM images for (a,d) T150, (b,e) T110, and (c,f) T80. 
Ethanol TPD for T150, T110, and T80 were performed after activation at 500 °C. The TPD profiles 
of the three aluminas, shown in Figure 4.4, were consistent with the previously reported profiles for γ-
Al2O3.22,24,27,32 The desorption profiles showed two peaks, one (at <150 °C) corresponding to weakly 
bound ethanol and the other (>150 °C) to dissociatively adsorbed ethanol, which was desorbed as 
ethylene. Interestingly, all three aluminas showed practically the same Td (208.5–210 °C), with the only 
difference being the amounts of dissociative ethanol desorbed. The desorption amounts of dissociative 
ethanol were 3.8×10-4 mol/g for T150, 2.4×10-4 mol/g for T110, and 2.0×10-4 mol/g for T80, which was 
consistent with the trend in the BET surface area (T150 > T110 > T80).  
 
Figure 4.4. Ethanol TPD for T150, T110, and T80. 
 


















Figure 4.5a showed the DRIFTS spectra for surface hydroxyl groups for T150, T110, and T80 
after activation at 380 °C. All spectra showed the peaks at 3766, 3725, 3670, and 3585 cm-1, which was 
consistent with typical bands of γ-Al2O3.33,34 Even though the exact assignments of surface hydroxyls 
on γ-Al2O3 are still debated,16,17,35-39 the relative distributions of each hydroxyl band were similar, 
indicating the identical distribution of hydroxyl groups on the three aluminas, which exhibited the same 
bulk structure as γ-Al2O3 based on XRD and similar acidic properties, as evidenced by the same Td 
obtained from ethanol TPD.  
Figure 4.5b and 4.5c showed the DRIFTS spectra after pyridine adsorption at 100 °C on T150, 
T110, and T80. Figure 4.5c showed two distinctive peaks at 1623 and 1614 cm-1, which were assigned 
to the pyridine on Lewis acid sites and the weakly acidic surface OH groups of the alumina surface, 
respectively.40 The relative ratios between the 1623 and 1614 cm-1 peak intensities were similar for the 
three aluminas. Figure 4.5b showed the perturbed surface hydroxyls after pyridine adsorption. 
Furthermore, the relative ratios between the 3766 and 3722 cm-1 peaks for the three aluminas were 
similar. Overall, the IR results reveal similar acid site distributions among T150, T110, and T80 (similar 
properties of sites). This is consistent with the same Td (208.5–210 °C) from ethanol TPD. In addition, 
the TEM image shown in Figure 4.3 confirmed that all the aluminas have hexagonal morphologies, but 
with different particle sizes, indicating the same facet ratio. 
 Figure 4.5. (a) DRIFT spectrum of OH regions and (b,c) DRIFT spectrum after pyridine adsorption 




All the results clearly demonstrate that T150, T110, and T80 can be regarded as model aluminas 
having different number of specific sites with the same properties. Next, we loaded the active phase (Pt) 
on these model aluminas by conventional incipient wetness impregnation and studied the effects of the 
number of specific sites on Pt-Al2O3 interaction. We thought, if aluminas have different number of 
surface sites, then the number of Pt atoms that can interact with the defect sites on the alumina surface 
would be different, leading to different Pt dispersion.  
Figure 4.6 showed H/Pt as a function of Pt loading from 0.5 to 10 wt%, as obtained from H2 
chemisorption after in-situ oxidation and reduction at 500 °C. Overall, H/Pt decreased with increasing 
Pt loading. At low loading 0.5–1 wt% Pt, H/Pt was practically the same for all the model aluminas. At 
1 wt% Pt/Al2O3, H/Pt was 0.86 for T150, 0.89 for T110, and 0.86 for T80. However, at higher Pt loading 
from 2–10 wt%, H/Pt was the highest for T150 and the lowest for T80. At 10 wt% Pt/Al2O3, H/Pt was 
0.31 for T150, 0.21 for T110, and 0.18 for T80, showing that Pt was better dispersed on T150 than on 
T80. Overall, the higher the number of specific sites on the alumina, the higher the Pt dispersion. 
Figure 4.6. H/Pt trend as a function of Pt loading for T150, T110, and T80 after calcination and 





















It is well known that Pt dispersion and morphology significantly depend on Pt loading relative to 
the number of anchoring sites on the alumina surface.14,42 Quantitative high-resolution 27Al-NMR 
studies showed that when Pt/Al3+penta (penta-coordinated Al3+ sites) is one at 300 °C for calcined 1 wt% 
Pt/γ-Al2O3, Pt exists as atomically dispersed form, but 2D clusters are formed at higher Pt/Al3+penta for 
higher Pt loading on γ-Al2O3 (2–10 wt% Pt). In addition, large agglomerated Pt was detected when Pt 
loading increased.42 Despite the different preparation methods used for Pt/Al2O3 in this study (150–80 
m2/g γ-Al2O3 and 500 °C calcination and reduction), the results consistently showed that H/Pt decreased 
with increasing Pt loading. At 0.5–1 wt% Pt loading, the three aluminas all have sufficient number of 
sites to disperse all the Pt atoms. That’s why the H/Pt values for T150, T110, and T80 were all similarly 
close to 1, indicating highly dispersed Pt clusters on alumina surfaces. However, with increasing Pt 
loading to 10 wt%, the number of Pt atoms became higher than that of the anchoring sites. It leads a 
gradual decrease of H/Pt with increasing Pt loading up to 10 wt%. The 10 wt% Pt/Al2O3 showed H/Pt 
values of 0.31–0.18, indicating that the Pt cluster size increased compared to that of 1 wt% Pt/Al2O3. 
Although all the Pt could not be highly dispersed at 10 wt% loading, T150 has twice the number of sites 
as T80, leading to a higher Pt dispersion on T150 (10 wt% Pt/T150: 0.31 and 10 wt% Pt/T80: 0.18), 
because more Pt atoms can interact with the anchoring sites on the T150 surface. In other words, T80 
has less anchoring sites for stabilizing Pt, leading to more Pt sintering compared to T150. 
The Pt dispersion was also confirmed by TEM measurements. Figure 4.7 showed the 
representative STEM images for 1 wt% Pt/Al2O3 after calcination and reduction at 500 °C. Pt clusters 
around ~ 1 nm were highly dispersed, consistent with the absence of diffraction peak for Pt in XRD 
(Figure 4.8) and also hydrogen chemisorption data. The Pt size distribution by measuring 400 clusters 
revealed that the average particle diameter was 1.2 nm for T150, 1.0 nm for T110, and 1.0 nm for T80, 
indicating that the Pt size was similar among the aluminas, which was consistent with the same H/Pt 
obtained by H2 chemisorption. At low loading (1 wt% Pt), the number of anchoring sites is sufficient to 













Figure 4.8. XRD patterns for 1Pt/T150, 1Pt/T110, and 1Pt/T80 after calcination and reduction at 500 ℃. 
Figure 4.9 showed the representative TEM and STEM images for 10 wt% Pt/Al2O3 after the same 
treatments. At high loadings, the number of Pt is much higher than that of the anchoring sites, leading 
to the agglomeration of Pt atoms and heterogeneous distribution on the alumina surface. The TEM 
images showed both agglomerated Pt (> 10 nm) and small Pt clusters (< 3 nm), indicating a bimodal 
distribution of Pt cluster sizes for 10 wt% Pt /Al2O3. Here, a significant portion of Pt still existed as 
highly dispersed Pt with the size around ~1 nm, which was similar to that of 1 wt% Pt/Al2O3. When we 
compare the Pt size distribution up to ~3 nm size, T80 exhibited a greater fraction of bigger Pt clusters 
than T150 and T110, which was consistent with the trend in H/Pt. However, these size differences are 
not straightforward when we consider the average Pt size change estimated based on H2 chemisorption 
(3.5 nm for T150, 5.2 nm for T110 and 6.1 nm for T80), suggesting the intrinsic limitation of the local 
properties of TEM characterization. In order to characterize the bigger Pt clusters, we carried out XRD 
analysis (Figure 4.10). The figure showed diffraction peaks for Pt (111) at 2θ = 39.8°, Pt (002) at 2θ = 
46.2° and Pt (022) at 2θ = 67.5°. Although the diffraction peaks of Pt overlap with those of Al2O3, we 
can clearly observe the sharp peak of Pt(111), indicating that agglomerated Pt exists on 10 wt% Pt/Al2O3. 
Here, the Pt(111) peak intensities were the highest for 10 wt% Pt/T80, the intermediate for 10 wt% 
Pt/T110, and the lowest for 10 wt% Pt/T150, consistently showing that large agglomerated Pt clusters 
existed on T80 than on T150. The estimation of Pt size using the Scherrer equation was not 
straightforward owing to the mixed Al2O3 peaks and the broad peaks of smaller Pt clusters. Despite a 
bimodal distribution for 10 wt% Pt/Al2O3, all the characterizations showed that T150 exhibit a higher 
Pt dispersion than T80 for both agglomerated Pt and small Pt clusters, clearly demonstrating that Pt can 

















be more highly dispersed with increasing number of sites of alumina. 
Figure 4.9. Low magnification TEM, STEM images and particle size distribution below ~ 3 nm for (a-






Figure 4.10. XRD patterns for 10Pt/T150, 10Pt/T110, and 10Pt/T80 after calcination and reduction at 
500 °C. 
Note here that utilizing multiple characterization techniques is important for understanding the 
heterogeneous nature of Pt/Al2O3. While TEM has limitations for Pt size measurements of localized 
information, XRD reveals only larger Pt crystallites due to the low detectability for small Pt clusters 
(below ~ 2 nm).43, 44 H2 chemisorption shows the ensemble results for Pt dispersion, but a dominant 
contribution from smaller Pt clusters than agglomerated Pt because only small fractions of Pt are 
exposed for the agglomerated Pt clusters.44 Using multiple characterization tools is critical for careful 
understanding Al2O3-supported Pt catalysts. 
In summary, increasing the number of specific sites on alumina can increase Pt dispersion. 
However, the higher Pt dispersion does not arise from a gradual change in Pt cluster size, but from an 
increased fraction of highly dispersed Pt clusters (< 3 nm) on alumina under bimodal Pt size distribution 
involving large agglomerated Pt (> 10 nm) and small Pt clusters (< 3 nm). 
4.4.2. Properties of sites 
In order to understand the effect of the properties of specific sites on Pt-Al2O3 interaction, we 
prepared two aluminas having similar number of sites with significantly different properties. We 
calcined T150 at 1000 °C for 3 h and labeled it as T1000, which was compared with T80. 




















Figure 4.11 showed the ethanol TPD desorption profiles for T1000 and T80. The desorption 
temperature at the maximum rates (Td) for T1000 was 34 °C higher than that of T80 (T150: 244.4 °C, 
and T80: 210 °C). This was consistent with previous reports that Td shift into higher temperatures with 
increasing calcination temperature.19,24,32 Note here that the amount of dissociative ethanol desorbed 
was practically the same for T1000 and T80 (1.8×10-4 mol/g for T1000 and 2.0×10-4 mol/g for T80).  
Figure 4.11. Ethanol TPD for T1000 and T80. 
The XRD pattern of T1000 (Figure 4.12a) showed two θ-Al2O3 peaks at 2θ = 44.8° and 47.8° that 
were clearly visible, apart from the δ-Al2O3 peak at 45.8°, indicating that T1000 was phase-transformed 
into a mixture of δ-Al2O3 and θ-Al2O3.45,46 The T80 was previously confirmed as γ-Al2O3 (Figure 4.2a). 
The BET surface area of T1000 (Table 4.1) was 100 m2/g, higher than that of T80 (79 m2/g). The N2 
adsorption/desorption profile for T1000 as shown in Figure 4.12b was also similar to that of T80. The 
TEM images shown in Figure 4.13 revealed that the morphology and particle size of T1000 were 
similar to those of precursor T150. The T1000 also had smaller particle size than T80 with the similar 
morphologies. 
Figure 4.12. (a) XRD patterns and (b) N2 adsorption/desorption profiles for T1000 and T80. 
















Figure 4.13. TEM images for (a,c) T1000 and (b,d) T80. 
Figure 4.14a showed the DRIFTS spectra for the surface hydroxyls of T1000 and T80 after 
activation at 380 °C. The spectrum of T1000 showed 3790 cm-1 bands that appeared with the decrease 
of the 3766 cm-1 peak compared to that of T80 (γ-Al2O3), and corresponded to the typical hydroxyl 
spectra for δ,θ-Al2O3, which was consistent with the δ,θ-Al2O3 bulk structure by XRD.33,37 It should be 
noted that T1000 had a new type of surface hydroxyls at 3790 cm-1, which is assigned as isolated 
hydroxyls on tetrahedral or octahedral Al species, although the exact assignments are still controversial. 
16,17,35,37-39 
Figure 4.14b and 4.14c showed the DRIFTS spectra after pyridine adsorption at 100 °C on T1000 
and T80. Figure 4.14c showed that the relative ratio between the 1623 and 1614 cm-1 peak intensities 
for T1000 was lower than that of T80. Figure 4.14b showed the perturbed surface hydroxyls during 
pyridine adsorption. Here, the 3790 cm-1 peaks were perturbed only in the case of T1000, also indicating 
a new type of surface hydroxyl was formed after the phase-transition to δ,θ-Al2O3. Overall, T1000 have 
different acid site distribution compared to T80, which correlates with the higher Td (34 °C) from 





Figure 4.14. (a) DRIFT spectrum of OH regions and (b,c) DRIFT spectrum after pyridine adsorption 
at 100 ℃ for T1000 and T80. 
In order to investigate the effect of the properties of sites for Pt-Al2O3 interaction, H2 chemisorption 
was also carried out for Pt/T1000. Figure 4.15 showed the H/Pt results obtained by H2 chemisorption 
as a function of Pt loading from 0.5 to 10 wt%. Similar to the previous trend, H/Pt decreased with 
increasing Pt loading on T1000. At the loadings of 0.5–2 wt% Pt, H/Pt was practically the same on 
T1000 and T80. At 1 wt% Pt/Al2O3, H/Pt was 0.85 for T1000 and 0.86 for T80. However, interestingly, 
H/Pt was higher for T1000 than for T80 at higher Pt loading (5–10 wt%). At 10 wt% Pt/Al2O3, H/Pt 
was 0.26 for T1000 and 0.18 for T80, meaning that Pt was more well-dispersed on T1000 than on T80. 




Figure 4.15. H/Pt trend as a function of Pt loading for T1000 and T80 after calcination and reduction 
at 500 ℃. 
As previously discussed, T1000 and T80 have enough number of sites to disperse Pt at 0.5–1 wt% 
Pt. Therefore, the H/Pt value was close to 1, meaning almost all the Pt was exposed to the surface. 
However, with increasing Pt loading to 10 wt%, the two aluminas have insufficient sites to disperse all 
the Pt, leading to a decrease in H/Pt below 1. Here, note that T1000 had the same number of sites as 
T80 but higher Td (by 34 °C), as revealed by ethanol TPD (Figure 4.11). So, higher Pt dispersion on 
T1000 will be attributed to the properties of the sites on the alumina surface. A higher Td on the alumina 
surface means that the Al sites bind ethanol more strongly than those of T80, making it difficult to 
desorb as ethylene. Similarly, the alumina surface on T1000 anchors Pt more strongly than that of T80 
does, and stabilizes Pt, leading to a higher dispersion on T1000 than on T80. Considering the IR data 
(Figure 4.14), T1000 exhibits a new type of isolated surface hydroxyls at 3790 cm-1, which would 
contribute to a higher Pt dispersion on T1000. Consistently, some studies have reported that these 
isolated hydroxyls are likely to be related to Pt anchoring.47 However, more detailed studies on the 
relationship between Pt and surface hydroxyls are still needed, which will be the future work. 
The Pt dispersion was also confirmed by TEM measurements. Figure 4.16 showed the 
representative STEM images for 1 wt% Pt/Al2O3 after calcination and reduction at 500 °C. The Pt 
clusters around ~ 1 nm were highly dispersed, consistent with the absence of diffraction peaks for Pt in 
XRD (Figure 4.17). The Pt size distribution by measuring 400 clusters showed that the average particle 

















the aluminas, consistent with the same H/Pt by H2 chemisorption. 
Figure 4.16. STEM images and particle size distribution for (a,b) 1Pt/T1000 and (c,d) 1Pt/T80. 
Figure 4.17. XRD patterns for 1Pt/T1000 and 1Pt/T80 after calcination and reduction at 500 ℃. 
 
















Figure 4.18 showed STEM images for 10 wt% Pt/Al2O3 after the same treatment with 1 wt% 
Pt/Al2O3. As the number of sites on T1000 is similar to that on T80, T1000 also showed a bimodal 
distribution, similar to the case of T80. When we compare the Pt size distribution up to ~ 3 nm size, 
T80 showed more portion of bigger Pt clusters than T1000, which was consistent with the trend in H/Pt. 
However, these size differences are not significant when we consider the average Pt size change 
estimated by H2 chemisorption (4.2 nm for T1000 and 6.1 nm for T80). So, we carried out the XRD 
analysis (Figure 4.19). The results showed that the Pt(111) peak intensities were higher for 10 wt% 
Pt/T80 than 10 wt% Pt/T1000, indicating that more agglomerated Pt exists on T80 than on T1000. Again, 
the Pt size estimation was not accurate due to the overlapping of the alumina peak and underlying 
broadness of smaller Pt clusters. Despite the bimodal distribution for 10 wt% Pt/Al2O3, all the 
characterizations showed that T1000 has a higher Pt dispersion than T80 for both agglomerated Pt and 
small Pt clusters, clearly demonstrating that Pt can be more highly dispersed with Td increase on alumina 
surfaces. 
 
Figure 4.18. Low magnification TEM, STEM images and particle size distribution below ~ 3 nm for 





Figure 4.19. XRD patterns for 10Pt/T1000 and 10Pt/T80 after calcination and reduction at 500 ℃. 
4.4.3. Catalytic reaction: benzene hydrogenation 
In order to study how the number and properties of sites affect the catalytic properties of Pt/Al2O3, 
we carried out C6H6 hydrogenation reaction. C6H6 hydrogenation has been one of the typical model 
reactions for supported metal characterization for decades.48-52 We chose 1 wt% Pt/Al2O3 and 10 wt% 
Pt/Al2O3 for T150, T80, and T1000 model alumina after 500 °C calcination and reduction. C6H6 
hydrogenation was carried out at 80 °C. Note that for each reaction, the same amount of catalyst was 
used: 6 mg for 1 wt% Pt/Al2O3 and 3 mg for 10 wt% Pt/Al2O3. 
Figure 4.20a showed the reaction profiles of C6H6 hydrogenation for 1 wt% Pt/T150 and 1 wt% 
Pt/T80. Catalyst deactivation was observed during the reaction, so the initial activity was estimated by 
linear extrapolation. Both 1 wt% Pt/T150 and 1 wt% Pt/T80 showed practically the same activity profile. 
The turnover frequency (TOF) normalized by H/Pt (Table 4.2) was 0.045 C6H6/Pt∙s for 1 wt% Pt/T150 
and 0.046 C6H6/Pt∙s for 1 wt% Pt/T80. However, 10 wt% Pt/T150 showed much higher conversion than 
10 wt% Pt/T80 as shown in Figure 4.20b. The TOF normalized by H/Pt (Table 4.2) was practically the 
same, 0.17 and 0.166 C6H6/Pt∙s for 10 wt% Pt/T150 and 10 wt% Pt/T80, respectively. Previous 
characterization data showed that 1 wt% Pt/T150 and 1 wt% Pt/T80 had the same Pt dispersion, as 
confirmed by H2 chemisorption and STEM. That’s why the same reaction profile and TOF for 1 wt% 
Pt/T150 and 1 wt% Pt/T80. However, 10 wt% Pt/T150 (H/Pt–0.31) showed higher Pt dispersion than 
10 wt% Pt/T80 (H/Pt –0.18). In addition, the XRD and TEM results showed that agglomerated Pt and 
small Pt clusters coexist on 10 wt% Pt/Al2O3. Owing to a very low number of exposed sites on 



















agglomerated Pt, the reaction is typically governed by the highly dispersed Pt clusters (< 3 nm). It 
suggests that the intrinsic activity of the Pt clusters (TOF) were the same, but the higher conversion for 
10 wt% Pt/T150 than for 10 wt% Pt/T80 can be interpreted that more Pt clusters on 10 wt% Pt/T150 
contributed the reaction, which contributed dominantly from highly dispersed Pt clusters. 
 
Figure 4.20. Time-on-stream C6H6 hydrogenation profiles for (a) 1Pt/T150 and 1Pt/T80 and (b) 
10Pt/T150 and 10Pt/T80. 
Table 4.2. H/Pt value, benzene hydrogenation conversion and turnover frequencies for 1Pt/T150, 
1Pt/T80, and 1Pt/T1000 (top) and 10Pt/T150, 10Pt/T80, and 10Pt/T1000 (bottom). Turnover 
frequencies were normalized based on H/Pt from hydrogen chemisorption. 
Sample H/Pt Conversion (%) TOF (C6H6/Pt ∙ s)
1Pt/T150 0.86 1.9 0.046
1Pt/T80 0.86 1.9 0.046
1Pt/T1000 0.85 2.0 0.050
10Pt/T150 0.31 12.5 0.170
10Pt/T80 0.18 7.1 0.166
10Pt/T1000 0.26 9.6 0.156
 
Subsequently, we studied the effect of the properties of the sites on alumina surfaces for benzene 
hydrogenation by comparing Pt/T1000 and Pt/T80. Figure 4.21a showed the reaction profile for C6H6 




and 1.9% for 1 wt% Pt/T80, showing similar activities. The TOF normalized by H/Pt (Table 4.2) was 
0.050 C6H6/Pt∙s for 1 wt% Pt/T1000 and 0.046 C6H6/Pt∙s for 1 wt% Pt/T80. Similar to the earlier case 
of 1 wt% Pt/T150 and 1 wt% Pt/T80, 1 wt% Pt/T1000 showed Pt dispersion similar to that of 1 wt% 
Pt/T80, as evidenced from H/Pt and STEM. That’s why 1 wt% Pt/T1000 showed the identical activity 
with 1 wt% Pt/T80. It is also reasonable to conclude that all the 1 wt% Pt/Al2O3 investigated for benzene 
hydrogenation (1 wt% Pt/T150, 1 wt% Pt/T80, and 1 wt% Pt/T1000) had similar Pt dispersions and 
intrinsic activities (TOF: 0.046–0.050 C6H6/Pt∙s). 
However, as shown in Figure 4.21b, 10 wt% Pt/T1000 showed higher conversion than 10 wt% 
Pt/T80. The H2 chemisorption results indicated that 10 wt% Pt/T1000 (H/Pt–0.26) showed higher Pt 
dispersion than 10 wt% Pt/T80 (H/Pt–0.18). When we compare the TOF normalized by H/Pt (Table 
4.2), the values were 0.156 C6H6/Pt∙s for 10 wt% Pt/T1000 and 0.166 C6H6/Pt∙s for 10 wt% Pt/T80, 
which were practically same. Also, the XRD and TEM results showed that agglomerated Pt and small 
Pt clusters coexist on 10 wt% Pt/Al2O3. It suggests that the intrinsic activities of the Pt clusters were 
still the same, though the higher conversion for 10 wt% Pt/T1000 can be attributed to the higher number 
of Pt surface sites on 10 wt% Pt/T1000, which are dominated by the highly dispersed Pt clusters. When 
we compared this with 10 wt% Pt/T150 activity, 10 wt% Pt/T150 showed the higher conversion (12.5%) 
than 10 wt% Pt/T1000 (9.6%) because it has more exposed Pt sites (H/Pt is 0.31 for 10 wt% Pt/T150, 
and 0.26 for 10 wt% Pt/T1000).  
Figure 4.21. Time-on-stream C6H6 hydrogenation profiles for (a) 1Pt/T1000 and 1Pt/T80 and (b) 
10Pt/T1000 and 10Pt/T80. 
Previous studies have reported that benzene hydrogenation is structure-insensitive, which means 
that the specific activity (TOF) is independent of Pt size.53,54 However, other studies also reported that 
benzene hydrogenation is structure-sensitive.50,51 Flores et al. reported that the structure sensitivity 




increases with decreasing Pt dispersion up to H/Pt = 0.48 (structure-sensitive) and became constant at 
dispersion lower than H/Pt = 0.48 (structure-insensitive). However, at low reduction temperatures (100–
300 °C), the reaction was structure-sensitive at the wide range of H/Pt values (0.04–0.88). Note that in 
this work our samples were reduced at 500 °C. The TOF at H/Pt = 0.86 was 0.045–0.046 C6H6/Pt∙s, but 
increased to 0.166–0.17 C6H6/Pt∙s at H/Pt = 0.18–0.31. Figure 4.22 showed that the TOF value 
increased with decreasing H/Pt, but became constant at low Pt dispersions (H/Pt <0.5), which is 
consistent with the results of Flores et al..51 However, detailed studies on whether benzene 
hydrogenation is structure-sensitive or not are beyond the scope of this work, because our conventional 
impregnated catalysts have broad size distribution of Pt clusters, and particularly bimodal distribution 
for 10 wt% Pt/Al2O3, which renders the determination of structure sensitivity difficult. The recent work 
by Somorjai group reported that benzene hydrogenation is moderately structure-sensitive for Pt 
nanoparticles carefully well-controlled in narrow size distribution.50  
All the results indicate that the number and properties of sites on the alumina surfaces affect Pt 
dispersion, leading to different Pt dispersion and catalytic properties for benzene hydrogenation. 
Figure 4.22. Turnover frequency (TOF) of Pt/Al2O3 as a function of H/Pt after 500 ℃ calcination and 
500 ℃ reduction. 
4.5. Conclusion 
In this work, we investigated the effect of the number and properties of specific sites on alumina 
surfaces on Pt-Al2O3 interaction by using XRD, ethanol TPD, DRIFTS, H2 chemisorption, STEM and 
benzene hydrogenation as the model reaction. Here, we chose two sets of model alumina having 
































sites with the same number (T1000, T80) based on ethanol TPD. Ethanol TPD showed that T150, T110, 
and T80 had similar Td (208.5–210 °C) but different desorption amounts (3.8×10-4 mol/g for T150, 
2.4×10-4 mol/g for T110, and 2.0×10-4 mol/g for T80). The T1000 showed higher Td (by 34.4 °C) than 
T80 for the same number of sites (1.8×10-4 mol/g for T1000). The DRIFTS of surface hydroxyls showed 
that T150, T110, and T80 have similar types of surface hydroxyl groups, consistent with the similar Td 
obtained from ethanol TPD. However, T1000 have a new type of surface hydroxyl at 3790 cm-1, which 
is the origin of the different surface properties compared to T80.  
After loading 0.5–10 wt% Pt onto these model aluminas, the Pt dispersion was analyzed by various 
characterization tools (H2 chemisorption, XRD and STEM). At low Pt loadings (0.5–1 wt% Pt), the 
number of sites was sufficient to disperse all the Pt, leading to highly dispersed Pt clusters without any 
aggregated Pt. Therefore, all the model aluminas showed highly dispersed Pt, as evidenced by similar 
H/Pt values (0.85–0.86) from H2 chemisorption. However, at higher loading (10 wt% Pt), the number 
of Pt was higher than that of than anchoring sites, resulting in aggregated Pt evidenced by the sharp 
Pt(111) peak in XRD, along with small Pt clusters (below ~ 3 nm), revealed by STEM. Under bimodal 
particle size distribution, both T150 and T1000 exhibited higher Pt dispersion, with the greater portion 
of smaller Pt clusters and less aggregated Pt, leading to different catalytic properties (higher conversion) 
for benzene hydrogenation compared to T80. All the results clearly demonstrate that Pt can be more 
dispersed with increasing number of sites and interaction strength. This fundamental understanding 
provides an important perspective for designing Al2O3-based supported catalysts.  
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5. Reduction behavior of Pt on alumina: effect of Pt loading and 
calcination temperature 
5.1. Abstract 
The catalytic performances of supported heterogeneous catalysts are significantly affected by the 
particle size and morphologies, whose properties are critically decided by metal-support interaction. In 
this work, we studied the reduction behavior of three-dimensional (3D) PtO2, two-dimensional (2D) 
PtO2 and atomically dispersed Pt on industrially relevant Pt/Al2O3, related to metal-support interaction. 
Under oxidizing atmosphere, morphologies and sizes of PtO2 on Pt/Al2O3 are determined by the specific 
interaction between Pt and Al2O3 through Pt-O-Al bond, leading to highly dispersed Pt as ~1 nm 2D-
raft PtO2 and atomically dispersed Pt on Al2O3. When all Pt atoms can’t interact with anchoring sites 
on support under high Pt loading or SiO2 which has weak metal-support interaction, 3D PtO2 is formed. 
Due to weak interaction with support, 3D PtO2 is reduced earlier (-20~-60 oC) than 2D PtO2 (~110 oC) 
and atomically dispersed Pt (>300 oC). At high calcination temperature (500-700 oC), PtO2 is reduced 
without a reducing agent (auto-reduction) with Pt sintering. Interaction strength also influences auto-
reduction when calcination temperature increases. 3D PtO2 were auto-reduced after 550-600 oC 
calcination, but 2D PtO2 were more difficult to be reduced (50 oC higher). So, the interaction strength 
with the support determines how long Pt oxide can maintain as Pt oxide rather Pt metal. Because 3D 
PtO2 is more easily auto-reduced than 2D PtO2 and atomically dispersed Pt, 3D metallic Pt clusters 
become less mobile than 2D PtO2 and atomically dispersed Pt (still, oxidized Pt). So, 3D PtO2 showed 
more sinter-resistant behavior than 2D PtO2 and atomically dispersed Pt. All the results demonstrate 
that metal-support interaction is important for the reduction behavior of oxidized Pt on Pt/Al2O3, 
suggesting the guideline about a careful activation for the efficient utilization of metallic Pt for catalytic 
reactions in real-world. 
5.2. Introduction 
Pt/Al2O3 has been one of the most widely used heterogeneous catalysts in industries such as 
automobile emission control, petrochemistry, and oil refinery.1-4 Thanks to versatile applications in real-
world, there have been numerous studies devoted to understanding the catalytic performances and 
underlying fundamental aspects of Pt/Al2O3.5-13 The catalytic performances of Al2O3-supported Pt 
catalysts have been reported to be significantly affected by the particle size,8, 12, 14-15 morphology,7, 11 and 
oxidation state10, 13 of supported Pt in which each parameter also affects each other.11-12, 16-17 Here, one 
important factor to determine the geometric and electronic properties of supported Pt is the specific 




challenging till now. 
The specific interaction between Pt and alumina has been intensely investigated under oxidizing 
or reducing atmospheres, which are common activation condition for supported metal catalysts.5-7, 9, 19-
21 Under the oxidizing condition, Kwak et al. reported that penta-coordinated Al3+ sites are anchoring 
sites for atomically dispersed Pt and two-dimensional raft Pt oxide.5 When Pt can’t interact with the 
anchoring sites due to too many Pt atoms or inert support which has no anchoring sites such as α-Al2O3, 
3D-like Pt clusters were observed.5-6, 22 The next question is how these Pt oxides are reduced and form 
metallic Pt clusters. Under the reducing condition, metallic Pt clusters can exist as two-dimensional (2D) 
or three dimensional (3D) morphologies which are critically affected by various factors such as 
activation temperature,7, 23 adsorbate coverage,9, 20, 24 and the degree of interaction with the support.9, 19 
Despite many efforts for the specific interaction of Pt/Al2O3, the systematic understanding of the 
reduction behavior of each oxidized Pt species (3D-like Pt oxide, 2D-like raft Pt oxide and atomically 
dispersed Pt) into metallic Pt related with the specific interaction is lacking. 
The reduction of oxidized Pt species into metallic Pt can be implemented by two ways: One is the 
reduction by reducing agents such as H2 (the most typical one) and the other is auto-reduction without 
reducing agents. For Pt/Al2O3, auto-reduction of Pt oxide is driven by the decomposition of Pt oxide 
into metallic Pt under high temperature condition where Pt metal is the most thermodynamically stable 
under even oxidizing atmosphere.25-26 However, high temperature treatments lead to a Pt sintering with 
concomitant loss of active sites.27-30 The sintering of supported metal is one major reason for catalyst 
deactivations and has been intensely studied because harsh operation conditions in many industrial 
applications usually led to severe sintering of active phases.31 Despite intense studies, understanding 
the sintering behavior of 3D-like/2D-like clusters and atomically dispersed Pt during high thermal 
treatment is still limited. 
In this work, we investigated the metal clustering of Pt/Al2O3 based on a systematic approach with 
3D-like/2D-like PtO2 and atomically dispersed Pt on Pt/Al2O3. Various characterizations (XRD, H2-
TPR, TEM, O2-TPD, and DRIFTS) demonstrate that 3D-like PtO2 are easily reduced at -20~-60 oC than 
2D-like PtO2 (~100 oC) and atomically dispersed Pt (>300 oC). That’s because 2D-like PtO2 and 
atomically dispersed Pt does strongly interact with alumina through Pt-O-Al. When a calcination 
temperature increases, PtO2 is auto-reduced into metallic Pt despite the oxidizing atmosphere. During 
auto-reduction, interaction strength also decides how long Pt oxide can survive as Pt oxide rather 
metallic Pt. 3D-like PtO2 are also easily auto-reduced after 550-600 oC calcination than 2D-like PtO2 
(600-650 oC). Thanks to less mobility after reduction into metallic Pt, 3D-like PtO2 are more sinter-
resistant than 2D-like PtO2 and atomically dispersed Pt. All the results demonstrate that metal-support 
interaction is critical for reduction behavior of oxidized Pt on industrially relevant Pt/Al2O3, suggesting 




5.3. Experimental section 
5.3.1. Catalyst preparation 
0.1–10 wt% Pt/Al2O3 were prepared by conventional incipient wetness impregnation on Puralox 
TH 100/150 (Sasol) alumina with Pt(NH3)4(NO3)2 in water and dried at 120 °C overnight. Note that we 
used Pt(NH3)4(NO3)2 as the Pt precursor in order to remove any additional Cl effect.32-33 0.5–10 wt% 
Pt/SiO2 were prepared on silica gel (Davisil grade 635, Aldrich) by the same methods with Pt/Al2O3. 
All the samples were calcined at 500 °C for 2 h using 20% O2/He (1 ml/s). We investigated the effect 
of calcination temperature by changing calcination temperature from 500 oC to 700 oC with 50 oC 
interval. 
5.3.2. Catalyst characterizations 
Ex-situ XRD patterns were obtained on a Bruker D2 phaser diffractometer using Cu Kα radiation 
(λ = 1.54 Å) in the step mode between 2θ values of 10 and 80°, with a step size of 0.02°/s. The tube 
voltage and current were 30 kV and 10 mA, respectively. The in-situ X-ray diffraction patterns were 
recorded on a high-resolution X-ray diffractometer (Rigaku, Smartlab) operated at 200 kV and 45 mA 
using CuKα radiation (λ= 1.54 Å) with the step size of 0.02°/s and between 2θ values of 10 and 80°. 
We calibrated the setting temperature with NaNO3 (melting point–308 oC) where the diffraction patterns 
of NaNO3 disappeared at the setting temperature 370 °C. H2 pulse experiments were carried out at RT 
by H2 pulses with 10% H2/Ar (0.997 ml loop). The sample was calcined at setting temperature 560 oC 
for 2 h in 20% O2/N2. Afterward, the sample was cooled to RT and purged under He (100 ml/min). 
XRD patterns were obtained after injecting H2 pulses and finally supplying a continuous 10% H2/Ar 
flow (60 ml/min). The auto-reduction experiment was carried out from RT to a setting temperature of  
800 oC (calibrated temperature-650 oC) with interval 50 oC at 20% O2/N2 (100 ml/min). 
Bright field transmission electron microscopy (BF-TEM) and High-angle annular dark-field 
scanning transmission electron microscopy (HAADF-STEM) images were obtained using a JEOL 
2100F (JEOL) operated at 200 kV. 
Hydrogen (H2) temperature-programmed reduction was performed on Belcat-B (BEL Japan, Inc.). 
50 mg of a sample was calcined under 20% O2/He (1.0 ml/s) and, purged for 30 min under He (1.0 
ml/s). After stabilization under 2% H2/Ar for 2h, the sample was ramped with 10 oC/min till 700 oC and 
5A zeolite trap was used for trapping water. Cryogenic H2 temperature-programmed reduction was 
carried out on CATCryo(BEL Japan, Inc.). 50 mg of a sample was calcined under 20% O2/He (1.0 ml/s) 
and, purged for 30 min under He (1.0 ml/s). After cooling to -80 oC under He and the stabilization under 




O2 TPD was carried out in a quartz flow reactor equipped with the mass spectrometer (Pfeiffer 
vacuum GSD320). After calcination under 20% O2/He for 2 h, the samples were cooled to RT and 
purged with He for 30 min. After that, O2 TPD was started with 10 oC/min ramping rates till 900 oC 
under He atmosphere due to the sensitivity issue.  
Diffuse reflectance infrared spectroscopy (DRIFTS) experiments were carried out on a Nicolet 
iS10 FTIR spectrometer equipped with a mercury-cadmium-telluride (MCT) detector. For the 
information of hydroxyl groups, 5 mg of Pt/Al2O3 sample was loaded into high temperature reaction 
chamber (Harrick Scientific) with ZnSe windows installed in a Praying Mantis diffusion reflection 
accessory. After ex-situ calcination at 500 oC under 20% O2/He, al the samples were re-calcined using 
10 % O2/He (flow rate = 1 ml/sec) at 400 °C under DRIFTS cell. Right after cooled down to room 
temperature, the FT-IR spectra of hydroxyl groups were collected with KBr background. Also, to 
observe the Pt surface properties with different reduction temperature, ex situ pretreated sample was 
loaded and heated under He flow (1 ml/sec) at 150 °C for water desorption. Then, CO adsorption was 
conducted with 0.2 % CO/He flow (1 ml/sec) at -30 °C. The spectrum was obtained after He purging at 
the same temperature to remove weakly bound CO on Pt surface and gas phase CO molecules, using 
the spectrum of pretreated-sample itself under He flow at -30 °C as a background. All spectra were 
collected with the average 128 scans at a resolution of 4 cm-1. 
Hydrogen (H2) chemisorption was performed on Belcat-B(BEL Japan, Inc.). 50 mg of a sample 
was calcined at 500 °C for 2 h under 20% O2/He (1.0 ml/s) and, subsequently, reduced at 500 °C for 1 
h under 10% H2/He (1.0 ml/s). After purging for 30 min under He (1.0 ml/s), Pt/Al2O3 was cooled to 
40 °C and chemisorption was carried out by repeated pulse (0.319 ml loop–4% or 10% H2/Ar). Metal 
dispersion was calculated based on the stoichiometry of H/Pt = 1.  
5.4. Results and Discussion 
5.4.1. Specific interaction between Pt and Al2O3 
0.1, 1 wt% Pt/Al2O3 and 1 wt% Pt/SiO2 were prepared by incipient wetness impregnation and after 
calcination at 500 °C. Figure 5.1a showed the representative HAADF-STEM images. 1 wt% Pt/Al2O3 
had the highly dispersed small clusters up to ~1 nm and atomically dispersed Pt. High resolution images 
for 1 nm clusters indicate these highly dispersed clusters consist of 1–2 layer close to two-dimensional 
(2D) raft-like morphologies, consistent with previous studies.5, 21, 34-35 When Pt loading was extremely 
reduced to 0.1 wt%, only atomically dispersed Pt was observed. However, 1 wt% Pt/SiO2 showed 2–4 
nm clusters which showed much bright contrasts, indicating three-dimensional (3D) morphologies. 
Furthermore, no atomically dispersed Pt was observed on silica. In order to investigate why Pt are highly 
dispersed on Pt/Al2O3 (ultimately up to atomically dispersed Pt) than Pt/SiO2, we performed H2-TPR 




shown in Figure 5.1b. Interestingly, 0.1 wt% Pt/Al2O3 showed only the reduction at 370 °C without the 
reduction below 300 °C. It can be interpreted that atomically dispersed Pt is reduced at 370 °C. It is also 
consistent with previous reports showing that clustering of atomically dispersed Pt was observed above 
300 oC under H2 atmosphere.34-35 The reduction peak at 150 °C can be interpreted as Pt-O-Pt from 2D 
raft-like oxide, which was consistent with HAADF-STEM images. Previous studies also show that 
highly dispersed Pt oxide are reduced below ~200 ℃.6, 36-40 1 wt% Pt/SiO2 showed only one reduction 
peak around 120 °C, whose hydrogen consumption amount was much smaller (O/Pt : ~0.2) than that of 
1 wt% Pt/Al2O3 (O/Pt : 2.0). Considering H2-TPR of bare support, only Al2O3-supported Pt showed the 
specific reduction at 370 °C clearly. This result suggests that the reduction at 370 °C is closely related 
to the specific interaction between Pt and alumina which might be Pt-O-Al interaction under oxidizing 
atmosphere.5, 21-22, 25 That’s why much higher Pt dispersion for alumina than silica due to the specific 
interaction as Pt-O-Al, whose nature was reported as penta-coordinated Al3+ sites by Kwak et. al.5 
Figure 5.1. (a) HAADF-STEM images and schemes for 1Pt/Al2O3, 0.1Pt/Al2O3 and 1Pt/SiO2 after 500℃ 
calcination. (b) H2-TPR (started from RT) for 1Pt/Al2O3, 0.1Pt/Al2O3, Al2O3, 1Pt/SiO2 and SiO2 after 
500 ℃ calcination. 



























The specific interaction of Pt oxide with alumina surfaces was further demonstrated by DRIFTS 
results. Figure 5.2a showed the gradual decrease of surface hydroxyl at 3766 cm-1 with increasing Pt 
loading after oxidation at 500 oC. Previous reports suggest that the surface hydroxyl at 3766 cm-1 was 
interpreted that surface hydroxyls on (100) facets that form penta-coordinated Al3+ sites when 
dehydroxylated.41-42 These results suggest that Pt-O-Al is formed from the anchoring of Pt on the sites 
of surface hydroxyls on (100) facets. However, after reduction at 500 oC these hydroxyls reappeared 
because Pt-O-Al interactions cannot maintain due to the reduction of Pt oxide as shown in Figure 5.2b.  
Figure 5.2. DRIFTS spectrum of surface hydroxyl regions for Al2O3, 0.5Pt, 1Pt, 2Pt, 5Pt, and 
10Pt/Al2O3 after (a) 500 ℃ calcination, (b) 500 ℃ calcination and 500 ℃ reduction. 
Overall, all the results suggest that specific interaction exists between Pt and alumina and these 
metal-support interactions can be specific depending on the support. Also, atomically dispersed Pt can 
be characterized by the ensemble and conventional characterization method, H2-TPR. 
5.4.2. Effect of Pt loading and calcination temperature for the reduction behavior of supported Pt 
catalysts 
The reduction behavior of oxidized Pt into metallic Pt on supported Pt catalysts was investigated 
by H2-TPR for a series of Pt/Al2O3 with various Pt loading and different calcination temperature as 
shown in FIGURE 5.3. Figure 5.3a showed H2 TPR for 0.5–10 wt% Pt/Al2O3 after calcination at 500 °C. 
The results clearly demonstrate that with increasing Pt loading, the amounts of Pt-O-Pt at 150 °C 
increased, but that of Pt-O-Al at 370 °C didn’t show meaningful change. Next, the calcination 
temperature was changed from 500 °C to 700 °C with 50 °C interval. Figure 5.3b–5.3e showed H2 TPR 
profiles for a series of Pt/Al2O3 after the calcination at different temperatures. Here, the amounts of Pt-
O-Pt decreased with increasing calcination temperature, but that of Pt-O-Al didn’t change much till 



























































































after the calcination at 500 °C showed 1.7~1.9 values of O/Pt, which was close to PtO2. With increasing 
Pt loading under the same calcination at 500 °C, O/Pt decreased to 1.0 (2 wt%) and finally became 
below 0.5 at 5–10 wt%. It is clear that more Pt was reduced with increasing Pt loading after 500 °C 
calcination. When the calcination temperature changed, O/Pt values of 0.5–1 wt% Pt/Al2O3 slightly 
decreased from 2.0 to 1.5 up to 600 °C and significantly decreased as PtO at 650 °C. Finally, after 
700 °C calcination O/Pt values became below 0.5. Irrespective of initial O/Pt values (PtO2, PtO, PtOx 
(x<0.5)), the O/Pt trends decreased with increasing calcination temperature, which was similar with 
those of Pt loading.  
Figure 5.3. (a) RT H2-TPR for Pt/Al2O3 with various Pt loading (0.5–10 wt% Pt) after 500 ℃ 
calcination. RT H2-TPR for (b) 1 wt% Pt/Al2O3, (c) 2 wt% Pt/Al2O3, (d) 5 wt% Pt/Al2O3, (e) 10 wt% 




Figure 5.4. O/Pt values from RT H2-TPR for Pt/Al2O3 with various Pt loading (0.5–10 wt% Pt) and 1 
wt% Pt/SiO2 after 500–700 ℃ calcination. 
Pt/SiO2 was also compared as reference. Figure 5.5a showed that all Pt/SiO2 after 500 °C 
calcination had the single reduction around 100 °C. Figure 5.5b showed that their O/Pt values also 
decreased with increasing Pt loading, but all O/Pt values were below 0.5, which were much lower than 
those of Pt/Al2O3. It indicates more easier reduction of Pt on SiO2 than Al2O3. When calcination 
temperatures increased for 1 wt% Pt/SiO2 as shown in Figure 5.3c, single reduction peak around 100 °C 
continuously decreased till 600 °C and finally become invisible after 700 °C calcination. The O/Pt 
trends for 1 wt% Pt/SiO2 was similar to those of 5–10 wt% Pt/Al2O3. 
Based on H2-TPR results, we can demonstrate that the reduction behavior of oxidized Pt on 
Pt/Al2O3 can be summarized in two directions: Pt becomes more easily reduced with increasing the Pt 
loading and the calcination temperature. Then, our next question is how high Pt loading and high 























Figure 5.5. (a) H2-TPR for Pt/SiO2 with various Pt loading (0.5–10 wt% Pt) after 500 ℃ calcination. 
(b) O/Pt values for Pt/Al2O3 and Pt/SiO2 with various Pt loading (0.5–10 wt% Pt) (c) H2-TPR for 
1Pt/SiO2 after 500–700 ℃ calcination. 
5.4.3. Reduction behavior of 3D-like, 2D-like Pt oxide and atomically dispersed Pt 
First question is how increasing Pt loading leads for Pt to be reduced easily after calcination at 
500 °C. In order to clarify the origin of decreased O/Pt with Pt loading, detailed characterizations were 
performed. XRD patterns for a series of Pt/Al2O3 was shown in FIGURE 5.6A. With increasing Pt 
loading, increase of PtO2 peak at 2θ = 33.9° was obviously observed, indicating that Pt oxide exists as 
PtO2 rather than other phases (Pt3O4 or PtO) on alumina.39, 43-45 It is consistent with previous reports 
supporting that PtO2 as the stable phase in our condition (air, 1 atm, 500 oC).25 Due to low Pt loading 
and too small size (~ 1 nm), PtO2 peaks were below detection limit by XRD for 0.5-1 wt% Pt/Al2O3. 
However, despite invisible PtO2 peaks, O/Pt values were close to 2, indicating that 0.5-1 wt% Pt/Al2O3 
also consist of PtO2. Also, 10 wt% Pt/Al2O3 showed the growth of metallic Pt evidenced by sharp Pt 
peak at 2θ = 39.9° compared to bare γ-Al2O3. Note here that the size estimated by Scherr equation 
indicates that Pt was above 10 nm, which was much larger than PtO2 (2-3 nm), suggesting the bimodal 
distribution.6, 22, 46 For Pt/SiO2, due to no overlap among diffraction peaks of PtO2, Pt and SiO2, Pt related 
peaks could be clearly visible than Pt/Al2O3 as shown in Figure 5.6b. Similarly, Pt/SiO2 showed PtO2 
and metallic Pt at 5-10 wt% Pt. 
Interestingly, newly grown PtO2 were reduced by H2 even at room temperature directly evidenced 
by in-situ XRD as shown in Figure 5.6c. When H2 pulses were injected at room temperature into 
calcined 10 wt% Pt/Al2O3, the PtO2 peaks gradually decreased with the simultaneous increase of 
metallic Pt due to the growth of broad peaks. Finally, when H2 was continuously supplied, PtO2 peaks 
disappeared with the growth of broad metallic Pt peaks. 10 wt% Pt/SiO2 also showed similar results in 



























































Figure 5.6d. Here, during the reduction of PtO2 into Pt their peak broadness didn’t change, indicating 
that no apparent size change. Size estimation by Scherrer equation showed that 2-3 nm PtO2 clusters 
are reduced into 2-3 nm Pt clusters. These in-situ XRD results clearly show that certain PtO2 are easily 
reduced by H2 (even at room temperature), suggesting that these PtO2 couldn’t be characterized in RT 
H2-TPR because they are already reduced during stabilization process before starting H2-TPR. In order 
to quantify these easily reduced Pt oxide, we carried out cryogenic H2-TPR starting from -80 °C for a 
series of supported Pt catalysts. 
Figure 5.6. Ex-situ XRD patterns for (a) Al2O3, 1Pt/Al2O3, 5Pt/Al2O3 and 10Pt/Al2O3 and for (b) SiO2, 
1Pt/SiO2, 5Pt/SiO2 and 10Pt/SiO2 after 500 ℃ calcination. XRD pattern for PtO2 was obtained as 
received without pre-treatment. in-situ XRD patterns for in-situ reduction at RT by H2 10 pulses, H2 
20 pulses and H2 flow for (c) 10Pt/Al2O3 and (d) 10Pt/SiO2 after 500 ℃ calcination. 

















































































Figure 5.7a showed cryogenic H2-TPR profiles for a series of Pt/Al2O3. The results showed that 1 
wt% Pt/Al2O3 had the reduction around 110 °C, but 5-10 wt% Pt/Al2O3 had the reduction at much lower 
temperature around -20~-50 °C, which couldn’t be observed on RT H2-TPR. Thanks to the contribution 
from the reduction below RT, O/Pt values were much higher (1.3~2.0) than those (0.2~1.0) from RT 
H2-TPR for 0.5-10 wt% Pt/Al2O3 as shown in Figure 5.7b. It suggests that H2-TPR from RT should be 
carefully interpreted because certain Pt oxides can be excluded because they are already reduced before 
ramping from RT during H2-TPR.6, 38  
Figure 5.7. (a) Cryogenic H2-TPR and (b) O/Pt values from RT/cryogenic H2-TPR for Pt/Al2O3 with 
various Pt loading (0.5-10 wt% Pt) after 500 ℃ calcination. 
HR-TEM on Figure 5.8 confirmed that 5-10 wt% Pt/Al2O3 had additionally 2-3 nm clusters whose 
morphologies were close to three-dimensional (3D) clusters. Consistently, H2 chemisorption results in 
Figure 5.9 showed that H/Pt decreased from ~1 to 0.5~0.32 with increasing Pt loading, indicating that 
the average Pt sizes increased at high Pt loading. Compared to 5-10 wt% Pt/Al2O3, 1 wt% Pt/Al2O3 had 
only 2D-raft like PtO2 around 1 nm and atomically dispersed Pt. So, it can be interpreted that reduction 
below RT comes from 3D-like PtO2 which were newly formed with increasing Pt loading. The origin 
for the formation of 3D-like PtO2 at high Pt loading is that some Pt couldn’t interact with the anchoring 
sites on alumina because total number of Pt are bigger than that of anchoring sites on alumina.5, 46 
However, at low Pt loading (1 wt%), all Pt can do the specific interaction with the anchoring sites on 




Figure 5.8. Low-magnification TEM and HAADF-STEM images for (a) 1Pt/Al2O3, (b) 5Pt/Al2O3, and 
(c) 10Pt/Al2O3 after 500 ℃ calcination. 
 
Figure 5.9. H/Pt trend as a function of Pt loading on Al2O3 and SiO2. The samples were calcined at 















Figure 5.10 showed cryogenic H2-TPR profiles for Pt/SiO2. Interestingly, Pt/SiO2 showed the 
reduction around -40 °C even at 1 wt% Pt. Consistently, 1 wt% Pt/SiO2 had mainly three-dimensional 
PtO2 around 2-4 nm clusters on TEM as shown in Figure 5.11. With increasing Pt loading, cryogenic 
H2-TPR and TEM showed that 3D PtO2 clusters exist much more than Al2O3. Also, as shown in Figure 
5.9 H/Pt values of Pt/SiO2 were much lower than those of Pt/Al2O3. That’s because SiO2 has very weak 
metal-support interaction with Pt compared to Al2O3.47-48  
 
Figure 5.10. (a) Cryogenic H2-TPR and (b) O/Pt values from RT/cryogenic H2-TPR for Pt/SiO2 with 
various Pt loading (0.5-10 wt% Pt) after 500 ℃ calcination. (c) O/Pt values for Pt/Al2O3 and Pt/SiO2 





Figure 5.11. Low magnification TEM, HAADF-STEM images and schemes for 1Pt, 5Pt, and 
10Pt/SiO2 after 500 ℃ calcination.  
Finally, DRIFTS experiments after CO adsorption at 243 K were performed for 1Pt/Al2O3, 
5Pt/Al2O3, and 1Pt/SiO2 after calcination and reduction at RT or 500 oC as shown in Figure 5.12. In 
Figure 5.12a, a peak at 2103 cm-1 appeared in calcined 1Pt/Al2O3, which is assigned as oxidized Pt.43, 
49 There was no apparent difference of IR spectrum on 1Pt/Al2O3 after reduction at RT. However, after 
500 oC reduction, new peak at 2092 cm-1 was observed, corresponding to linearly adsorbed CO on 
metallic Pt.11, 50 This indicates the reduction of 2D-like PtO2 into metallic Pt. Figure 5.12b and 5.12c 
showed that in 1Pt/SiO2 and 5Pt/Al2O3, the peak at 2089 and 2083 cm-1 was observed after reduction at 
RT, respectively. It indicates that 1Pt/SiO2 and 5Pt/Al2O3 had already metallic Pt even after reduction 
at RT due to the reduction of 3D-like PtO2. It is different from 1Pt/Al2O3 which retained oxidized Pt 
after RT reduction. This results also clearly demonstrate the easier reduction of 3D-like PtO2 than 2D-





Figure 5.12. CO DRIFTS spectrum at -30 ℃ for (a) 1Pt/Al2O3, (b) 5Pt/Al2O3, and (c) 1Pt/SiO2 after 
different reduction temperature. After ex-situ activation, the samples were pretreated at 150 ℃ under 
He. 
Still, O/Pt values (from cryogenic H2-TPR) decreased with increasing Pt loading on alumina from 
2.0 to 1.3 at 10 wt% Pt on Figure 5.10c. The decreased O/Pt trends originate from metallic Pt evidenced 
by sharp metallic Pt peak on XRD. 5-10 wt% Pt/Al2O3 and 5-10 wt% Pt/SiO2 had large metallic Pt 
crystallites (>10 nm) confirmed by low magnification TEM on Figure 5.8 and Figure 5.11. These large 
crystallites are related to the intrinsic heterogeneity during the impregnation process. Please note that 
these large crystallites are not PtO2 but metallic Pt even under oxidizing atmosphere. When much higher 
Pt than the number of anchoring sites are loaded on support, some Pt have no interaction with support. 
These Pt become aggregated, leading to large metallic Pt. So, these large metallic Pt additionally 
contributes to decreased O/Pt as a function of Pt loading. 
In summary, when Pt loading increases on alumina, 3D-like PtO2 are newly formed. These 3D-
like PtO2 are easily reduced even below RT due to weaker interaction between Pt and alumina. That’s 
why O/Pt decreased with increasing Pt loading on RT H2-TPR because 3D-like PtO2 are already reduced 
at RT. When Pt is loaded on SiO2 which has very weak metal-support interaction than Al2O3, 3D-like 
PtO2 are more easily formed. Furthermore, when Pt loading is too high, large metallic Pt crystallites (> 
10 nm) are formed on both Al2O3 and SiO2 even under oxidizing atmosphere because these Pt do not 










































































5.4.4. Auto-reduction behavior of 3D-like, 2D-like Pt oxide and atomically dispersed Pt 
The second question is how increasing calcination temperature leads to easier reduction of Pt. First, 
we carried out in-situ XRD to know the structural change from PtO2 to metallic Pt with increasing 
calcination temperature. Figure 5.13a showed XRD patterns for 10 wt% Pt/Al2O3 with increasing 
temperature up to 650 oC under oxidizing atmosphere (20% O2/He). After 486 oC, 10 wt% Pt/Al2O3 had 
PtO2 peaks at 2θ =33.9° and also large metallic Pt crystallites (> 10 nm) as previously discussed. From 
570~608 oC, the broad PtO2 peaks at 2θ =33.9° started to decrease and finally disappeared after 650 oC. 
Simultaneously, the peak intensity of metallic Pt at 2θ =39.9° started to increase sharply at 570 oC and 
continue to growth till 650 oC. These results suggest that increasing calcination temperature results in 
the reduction of PtO2 into metallic Pt even under the oxidizing atmosphere, i.e. auto-reduction. That’s 
because metallic Pt is thermodynamically stable at high temperature despite oxidizing atmosphere.25-26 
Note that the origin for easier reduction of Pt oxide with increasing calcination temperature is clearly 
different from that with increasing Pt loading, which mainly comes from the newly formed 3D-like 
PtO2. Additionally, Pt sintering occurred during high temperature calcination, which was evidenced by 
the significant size difference by Scherr equation between initial PtO2 (2-3 nm) and sintered metallic Pt 
(> 10 nm). However, the reduction of 3D-like PtO2 by H2 at RT showed no size change. 10 wt% Pt/SiO2 
was also performed as shown in Figure 5.13b. Similarly, auto-reduction of PtO2 into metallic Pt was 
observed, but the growth of metallic Pt was severe than 10 wt% Pt/Al2O3 due to much weaker metal-
support interaction on silica.  
Figure 5.13. In situ XRD patterns for (a) 10Pt/Al2O3 and (b) 10Pt/SiO2 with increasing calcination 
temperature under 20% O2/N2. The temperature label is calibrated temperature, not setting temperature. 














































































Even though auto-reduction of PtO2 into metallic Pt was evidenced by in situ XRD, the changes 
of each oxidized Pt species (3D-like PtO2, 2D-like PtO2, and atomically dispersed Pt) with increasing 
calcination temperature are not clear, which will be further investigated by cryogenic H2-TPR. On the 
previous section, cryogenic H2-TPR demonstrated that 3D-like PtO2 on Al2O3 is easily reduced below 
RT (-20~-60 oC), but 2D-like PtO2 on Al2O3 is reduced much higher temperature around 100 oC. Figure 
5.14 showed the cryogenic H2-TPR profiles for Pt/Al2O3 and Pt/SiO2. Overall, the reduction amounts 
decreased with increasing calcination temperature, indicating that the amounts of remaining PtO2 
decreased due to auto-reduction of PtO2 into Pt. Consistently, the growth of metallic Pt with increasing 
calcination temperature was observed by ex-situ XRD as shown in Figure 5.15. Figure 5.14a showed 
the cryogenic H2-TPR for 1wt% Pt/Al2O3. With increasing calcination temperature, 1Pt/Al2O3 showed 
the drastic decrease of reduction around 600~650 oC, suggesting that auto-reduction of 2D-like PtO2 
mainly occurred around 600~650 oC. However, Figure 5.14b showed that the reduction peaks at -20~-
50 oC on 5-10 wt% Pt/Al2O3 disappeared after 550~600 oC calcination. It suggests that 3D-like PtO2 
are auto-reduced at 550~600 oC, which was 50 oC lower than 2D-like PtO2. Consistently, XRD results 
in Figure 5.15a and 5.15b showed that the growth of metallic Pt peak started 50 oC earlier for 5wt% 
Pt/Al2O3 than 1 wt% Pt/Al2O3. When the O/Pt trend was plotted as a function of calcination temperature 
as shown in Figure 5.14d, 1 wt% Pt/Al2O3 showed a drastic decrease of O/Pt values after 650 oC, but 
5-10 wt% Pt/Al2O3 did after ~600 oC. Through cryogenic H2-TPR, we can clarify that 3D-like PtO2 are 
auto-reduced more easily around 550~600 oC than 2D-like PtO2 (600~650 oC) with the difference of 50 
oC. Previously, O/Pt values from RT H2-TPR decreased drastically after 650 oC because RT H2-TPR 
gives information mainly about 2D-like PtO2. A series of Pt/SiO2 was compared as shown in Figure 
5.14e–5.14h. After 500 oC calcination, 1 wt% Pt/SiO2 had the main reduction at -60 oC from 3D-like 
PtO2 and these reduction peaks mostly decreased after 550 oC. These trends were also observed for 5-
10 wt% Pt/SiO2. Due to weaker interaction with silica than alumina, 3D-like PtO2 on SiO2 were 50 oC 










Figure 5.14. Cryogenic H2-TPR for (a) 1Pt/Al2O3, (b) 5Pt/Al2O3, and (c) 10Pt/Al2O3 after 500–700 ℃ 
calcination. (d) O/Pt values for Pt/Al2O3 as a function of calcination temperature. Cryogenic H2-TPR 
for (e) 1Pt/SiO2, (f) 5Pt/SiO2, and (g) 10Pt/SiO2 after 500–700 ℃ calcination. (d) O/Pt values for Pt/SiO2 
as a function of calcination temperature. 
 
Figure 5.15. Ex-situ XRD for (a) 1Pt/Al2O3, (b) 5Pt/Al2O3 and (c) 1Pt/SiO2 after 500–700 ℃ calcination. 
Till now, we demonstrate that PtO2 are auto-reduced into metallic Pt with increasing calcination 
temperature. Here, the auto-reduction of PtO2 led to O2 desorption, which can be characterized by mass 
spectrometry as O2 TPD as shown in Figure 5.16. Note that O2 TPD can be only possible under He flow 
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temperature than 20% O2/He, whose difference was around 90~120 oC for 10 wt% Pt catalysts 
confirmed by TGA (not shown). Figure 5.16a showed O2 TPD for bare Al2O3 and Pt/Al2O3 after 500 
oC calcination. Bare Al2O3 showed a negligible signal for mass 32. 1 wt% Pt/Al2O3 showed O2 
desorption at 664 oC. 5 wt% Pt/Al2O3 showed increased intensities for the peak at 664 oC and additional 
peaks for 486 oC and 608 oC. The peak at 486 oC increased for 10 wt% Pt/Al2O3. Based on previous 
characterization results, we can interpret the peak at 486 oC as the auto-reduction of 3D-like PtO2 and 
the remaining high desorption temperature peak (608~664 oC) as the auto-reduction of 2D-like PtO2. 
So, these results also suggest that auto-reduction of 2D-like PtO2 are much difficult than 3D-like PtO2 
whose difference around 120~160 oC. This was consistent with previous works.25, 51 Recently, Sangnier 
et al. reported that highly dispersed PtO2 (~1 nm) on alumina showed O2 desorption above 680 oC, 
which was much higher than bulk Pt.25 Figure 5.16b showed the results for bare SiO2 and Pt/SiO2 after 
500 oC calcination. O2 desorption from 3D-like PtO2 around 478 oC was observed even on 1 wt% 
Pt/SiO2 with another shoulder peak at 620 oC. Here, shoulder peaks around 600 oC might be mainly 
related with the surface dehydroxylation on silica. Pt/SiO2 had more amounts of O2 desorption from 
3D-like PtO2 with a slightly lower temperature than Pt/Al2O3 because 3D-like PtO2 are mainly formed 
on Pt/SiO2 due to weak metal-support interaction than alumina. So, O2 TPD demonstrates that 3D-like 
PtO2 showed O2 desorption at 480~ 500 oC, but 2D-like PtO2 did at above 600 oC, which was 120 oC 
higher than 3D PtO2.  
Figure 5.16. O2 TPD for (a) 1Pt/Al2O3, 5Pt/Al2O3 and 10Pt/Al2O3 and for (b) 1Pt/SiO2, 5Pt/SiO2 and 
10Pt/SiO2 after 500 ℃ calcination.  
We extended these results into the effect of calcination temperature as shown in Figure 5.17–5.18. 
Figure 5.17 showed that O2 desorption from 3D-like PtO2 disappeared after 550~600 oC, which was 
much easier than those from 2D-like PtO2 on Pt/Al2O3 (above 600 oC). Furthermore, 3D-like PtO2 on 
Pt/SiO2 disappeared after 550 oC calcination as shown in Figure 5.18. In overall, this was consistent 
with the results from cryogenic H2-TPR. 










































Figure 5.17. O2-TPD for (a) Al2O3, (b) 1Pt/Al2O3, (c) 5Pt/Al2O3 and (d) 10Pt/Al2O3 after 500–700 ℃ 
calcination.  
Figure 5.18. O2-TPD for (a) SiO2, (b) 1Pt/SiO2, (c) 5Pt/SiO2 and (d) 10Pt/SiO2 after 500–700 ℃ 
calcination. 







































































































































During auto-reduction of PtO2 into Pt, the sintering behavior of Pt was investigated by TEM as 
shown in Figure 5.19 and Figure 5.20–5.22. Figure 5.19a showed that 1Pt/Al2O3 after 700 OC 
calcination had agglomerated Pt around ~100 nm where ~30 nm particles agglomerate together. 
Interestingly, the whole sizes of Pt on 1Pt/Al2O3 were much larger than those from 5Pt/Al2O3 or 
1Pt/SiO2 which had 30~40 nm particles. Note that 1Pt/Al2O3 had 2D-like PtO2 and atomically dispersed 
Pt, but 5Pt/Al2O3 had additional 3D-like PtO2 and 1Pt/SiO2 had mainly 3D-like PtO2 only. Additional 
TEM studies on Figure 5.20–5.22 observed that Pt sintering started mainly from 600 OC for 1Pt/Al2O3, 
but 550 OC for 5Pt/Al2O3 and 1Pt/SiO2, which was also consistent with the growth of metallic Pt peaks 
in XRD. The Pt sizes by XRD on Figure 5.19b show that 1Pt/Al2O3 had twice as large as 5Pt/Al2O3 
and 1Pt/SiO2. The origin for more Pt sintering of initially highly dispersed Pt during auto-reduction 
might come from the mobility of 2D-like PtO2 and atomically dispersed Pt. The 3D-like PtO2 are auto-
reduced into metallic Pt, becoming less mobile than Pt oxide. That’s why 3D-like PtO2 are more stable 
for Pt sintering. This phenomenon was consistent with the study of Pd/Al2O3 by Kang et al. reporting 
that larger initial Pd sinter more slowly.52  
 
Figure 5.19. (a) TEM and HAADF-STEM images and (b) Pt size estimated by XRD for 1Pt/Al2O3, 


















































In addition, the role of atomically dispersed Pt was systematically studied by the variance of 
reduction temperature for 1Pt/Al2O3 on Figure 5.23–5.26. Figure 5.23 showed after reduction around 
300 ℃, Pt-O-Al peaks disappeared, showing the reduction of atomically dispersed Pt. Consistently, 
HAADF-STEM (Figure 5.24) showed more ~1nm clusters at the expense of atomically dispersed Pt 
after high temperature reduction (>= 300 ℃). After controlled reduction, Pt/Al2O3 was aged at 700 ℃. 
Figure 5.25 showed the sintered Pt whose sizes were estimated above 20 nm by XRD. Interestingly, Pt 
sizes decreased with increasing the reduction temperature, which was also consistent with low 
magnification TEM (Figure 5.26). The results showed that 1Pt/Al2O3 with more atomically dispersed 
Pt had more Pt sintering after 700 OC calcination, suggesting the contribution of atomically dispersed Pt 
into the Pt sintering. All the results suggest that 3D-like PtO2 is more sinter-resistant than 2D-like PtO2 
and atomically dispersed Pt. 
 
Figure 5.23. H2-TPR for 1Pt/Al2O3 with various reduction temperature.  


























Figure 5.24. HAADF-STEM images for 1Pt/Al2O3 with controlled reduction temperature. (a) 500 ℃ 
calcination, (b) 500 ℃ calcination and 200 ℃ reduction, (c) 500 ℃ calcination and 300 ℃ reduction, 
(d) 500 ℃ calcination and 500 ℃ reduction and (e) 500 ℃ reduction. 
 
Figure 5.25. XRD patterns for 700 ℃ aged 1Pt/Al2O3 with controlled reduction temperature and (b) 
























































Figure 5.26. TEM images for 700 ℃ aged 1Pt/Al2O3 with controlled reduction temperature – (a) 500 ℃ 
calcination, (b) 500 ℃ calcination and 200 ℃ reduction, (c) 500 ℃ calcination and 300 ℃ reduction, 
(d) 500 ℃ calcination and 500 ℃ reduction and (e) 500 ℃ reduction. 
In summary, when calcination temperature increases from 500-700 oC PtO2 are auto-reduced into 
metallic Pt because metallic Pt is thermodynamically stable at high temperature. Cryogenic H2-TPR 
and O2 TPD demonstrate that 3D-like PtO2 are auto-reduced around 550-600 oC calcination, but 2D-
like PtO2 are auto-reduced at 50 oC higher than 3D-like PtO2. During the auto-reduction of PtO2 at high 
temperature calcination, Pt sintering also occurred. Because 3D-like PtO2 are more easily auto-reduced 
than 2D-like PtO2 and atomically dispersed Pt, 3D metallic Pt clusters become less mobile than 2D-like 
PtO2 and atomically dispersed Pt (still, oxidized Pt). So, 3D-like PtO2 showed more sinter-resistant 
behavior than 2D-like PtO2 and atomically dispersed Pt.  
5.5. Conclusion 
In this study, the reduction behavior of oxidized Pt species (3D-like PtO2, 2D-like PtO2, atomically 














O2 TPD, and DRIFTS studies. XRD, H2-TPR, and TEM results demonstrate that under the oxidizing 
atmosphere, the morphologies and sizes of PtO2 on Pt/Al2O3 are determined by the specific interaction 
between Pt and Al2O3 through Pt-O-Al. This specific interaction between Pt and Al2O3 leads to highly 
dispersed Pt as 1 nm 2D-like PtO2 and atomically dispersed Pt at 1 wt% Pt/Al2O3. When Pt can’t interact 
with anchoring sites on support by increasing Pt loading (5-10 wt% Pt/Al2O3) or using SiO2 which has 
very weak metal-support interaction (1 wt% Pt/SiO2), 3D-like PtO2 with 2-4 nm are formed. In-situ 
XRD, H2-TPR, and DRIFTS show that 3D-like PtO2 are reduced earlier (-20~-60 oC) than 2D-like PtO2 
(~100 oC) and atomically dispersed Pt (>300 oC) due to weak interaction with support. So, H2-TPR 
starting from room temperature should be carefully interpreted because 3D-like PtO2 are not 
characterized due to the reduction even at RT. All the results suggest that the morphologies and sizes of 
Pt oxide are decided by metal-support interaction.  
When Pt/Al2O3 is calcined at high temperature (500-700 oC), PtO2 are reduced into metallic Pt. 
However, this reduction occurred without reducing agent (auto-reduction) because metallic Pt is 
thermodynamic stable phase rather than Pt oxide at high temperature, which is clearly different from 
the reduction by reducing agent such as H2. Here, interaction strength also influences auto-reduction 
behavior when calcination temperature increases. XRD, H2-TPR, TEM, and O2 TPD show that 3D-like 
PtO2 are auto-reduced into metallic Pt after 550-600 oC calcination, but 2D-like PtO2 are 50 oC more 
difficult to be auto-reduced. So, the interaction strength with the support determines how long Pt oxide 
can maintain as oxidized Pt rather than metallic Pt. During auto-reduction at high calcination 
temperature, Pt sintering also occurred. TEM and XRD results show that thanks to easier auto-reduction 
of 3D-like PtO2, 3D clusters (metallic Pt) become less mobile than 2D-like PtO2 and atomically 
dispersed Pt (still, oxidized Pt) So, 3D-like PtO2 showed most sinter-resistant behavior than 2D-like 
PtO2 and atomically dispersed Pt. In addition, when atomically dispersed Pt disappeared by controlling 
reduction temperature, 1Pt/Al2O3 had less Pt sintering, suggesting the contribution of atomically 
dispersed Pt for Pt sintering. In summary, metal-support interaction is important for the reduction 
behavior of oxidized Pt on Pt/Al2O3, suggesting the guideline for efficient utilization of metallic Pt for 
catalytic reaction in real-world by the careful activation process. 
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